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This  report  was  prepared  by  the  Lockheed-California  Company  under 
Contract  DOT-FA75-WA-3707.  The  report  contains  a partial  description  of  the  ' 

effort  performed  as  Task  II  of  a three  task  effort.  Task  II  covers  the  period 
1‘rom  July  1976  to  December  1977.  The  work  was  administered  under  the  direction 

of  the  Federal  Aviation  Administration  with  H.  Spicer  acting  as  Technical  i 

Monitor.  1 

I 

The  project  leader  was  Gil  Wittlin  of  the  Lockheed-California  Company.  i 

Important  contributions  were  made  to  the  program  by  the  Cessna  Aircraft  Coro-  i 

pany  and  the  NASA  Langley  Impact  Dynamics  Research  Facility  (IDRF).  The  1 

Cessna  Aircraft  Company,  under  the  direction  of  D.J.  Ahrens  and  W.B.  Bloedel  j 

prepared  the  airplanes  for  the  crash  tests,  performed  data  reduction  and  pro-  ! 

vided  valuable  data  with  regard  to  general  aviation  structure  and  designs.  ! 

The  NASA  Langley  In5)act  I^namics  Research  Facility  (iDRF),  under  the  direction  i 

of  Dr.  R.A.  Thomson  and  V.L.  Vaughan,  Jr.,  conducted  all  the  crash  tests  and  \ 

recorded  the  data.  The  following  Lockheed-California  Conqjany  personnel 

assisted  in  the  program:  | 

I 

M.A.  Gamon  (Program  KRASH)  j 

W.L.  LeiBarge  (Literature  Survey)  ' 

W.M.  Crooks  (Te'st  preparation) 

H.P.  Weinberger  (Con^iuter  services) 

P.C.  Durup  (Consultation) 

The  Lockheed  effort  was  performed  under  the  supervision  of  J.E.  Wignot, 

(dynamic  loads  group)  and  R.F.  O'Connell  (Aeromechanics  Department). 
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SUMMARY 


The  results  of  the  Task  II  effort  to  experimentally  verify  a method  of 
analysis  of  the  structural  dynamics  response  of  general  aviation  airplanes 
subjected  to  a crash  environment  are  presented. 

Included  in  this  report  is  a description  of  the  preparation  for  the  per- 
formance of  four  instrumented  full-scale  crash  tests  involving  a single- 
engine, high  wing  type  airplane.  All  crash  testing  was  performed  at  the 
NASA  Langley  Inqpact  dynamics  Research  Facility  (IDRF).  The  crash  tests 
involved  a wide  range  of  impact  attitudes  and  Included  one  impact  into  a 
soil  covered  terrain.  In  support  of  the  soil  impact  a literature  survey 
and  evaluation  was  performed. 

Program  KRASH,  refined  for  general  aviation  airplane  application  during  Task 
I,  is  used  to  mathematically  model  the  single-engine,  high-wing  type  air- 
plane for  each  of  the  crash  tests.  Descriptions  of  the  math  models,  as  well 
as  additional  KRASH  modifications,  to  further  enhance  its  capability  and 
facilitate  its  usage,  are  provided. 

An  analysis  of  each  crash  condition  is  performed  and  the  results  with  regard 
to  post-crash  sequence,  eg  velocity,  energy  distribution,  cabin  deformation, 
member  deflections,  structiire  failures,  and  floor,  occupant  and  engine 
mass  accelerations  are  presented.  Correlation  between  analysis  and  test 
results  is  presented  for  each  crash  test. 

The  results  of  the  program  are  siommarized.  Comparisons  of  analytical  and 
test  results  are  presented  for  the  composite  of  all  four  crash  tests.  The 
analytical  results  are  shown  to  be  in  agreement  with  the  test  results. 
Conclusions  are  presented  following  the  sijramary  of  results.  Appendices  A, 

B,  C and  D are  included  and  contain  soil  test  data,  literature  survey  and 
evaluation  results,  test  data,  and  structural  and  model  data,  respectively. 

A three  volume  KRASH  User's  Manual  is  described  in  a separate  document. 
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1.1  BACKGROUND 

This  report  contains  the  results  of  the  second  of  three  technics^, 
tasks  to  develop  an  experimentally  verified  method  of  analysis  for  the 
crashworthiness  of  general  aviation  airplane  structures  and  facilitate 
the  development  of  improved  crashworthiness  designs.  The  first  techni- 
cal task  effort  was  reported  on  in  Reference  1. 

Dixring  the  Task  1 effort  a review  and  evaluation  of  6l  light  fixed- 
wing  airplane  models,  produced  by  the  major  domestic  general  aviation  air- 
plane manuf actureres , was  performed.  The  evaluation  takes  into  consider- 
ation airplane  configuration,  usage,  opefrational  characteristics,  and 
structural  characteristics. 

Included  in  the  review  and  evaluation  of  general  aviation  airplane 
characteristics  are: 

• A matrix  of  airplane  configuration,  maximum  takeoff  weight 
and  usage 

• A description  of  structural  design  characteristics  of  current 
general  aviation  airplanes 

• A description  of  the  various  general  aviation  airplane  types 

• A categorization  of  airplanes  as  a function  of  configuration, 
maximum  takeoff  weight,  stall  speed,  cruise  speed,  usage  and 
accomodations. 

The  results  of  the  study  show  that: 

• There  are  three  basic  airplane  conf igvirations ; single-engine 
low-wing,  single-engine  high-wing,  twin-engine  low-wing. 

There  is  a limited  n\amber  of  a fourth  configuration;  twin-engine, 
high-wing. 
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• With  the  exception  of  the  a«ricult\iral  airplane  most  airpleuaes 
have  multiple  uses. 

• The  airplanes  tend,  insofar  as  usage,  accommodations,  weight  and 
speed  characteristics  are  involved,  to  group  into  distinct 
categories. 

• While  there  are  many  manufacturers  and  airplane  models  and  the 
design  details  of  the  structure  may  vary,  there  are  only  two 
basic  structural  designs:  monocoque  and  tubular. 

During  Task  I,  accident  data  from  the  FAA  Civil  Aeromedical  Institute 
CAMi)  and  the  National  Transportation  Safety  Boeird  (NTSB)  were  reviewed 
nd  evaluated.  Included  in  this  accident  evaluation  were: 

• Results  of  l8  CAMI  accident  records  showing  (a)  the  frequeaicy 
of  occurrence  by  phase  of  operation,  type  of  accident,  angle 

of  impact,  roll/yaw  attitude,  and  terrain,  (b)  the  distribution 
by  degree  of  cabin  damage,  structural  damaige,  and  injury  types 
and  (c)  the  occurrence  of  seat  and  seat  belt  failures  and 
occupant  ijipsct  with  controls  and  instrument  panels 

• The  development  of  a computer  program  to  sort  and  process 
selected  pertinent  crashworthiness  accident  data  from  NTSB 
data  tapes 

• Results  obtained  from  the  accident  computer  program  for  each 
airplane  category  using  the  1971  through  1973  National  Trans- 
portation Safety  Board  (NTSB)  accident  records  encompassing 
8491  accidents. 

The  findings  of  the  NTSB  accident  data  evaluation  indicate  that: 
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• The  impact  angle  in  a crash  is  predominantly  less  than  U5  degrees. 

• Stall,  collisions  with  grovind/water  and  collisions  with  obstacles 
are  the  prevalent  types  of  accidents  which  resxilt  in  serious  or  fatal 
injuries. 

• In  accidents  wherein  injuries  are  involved,  light  weight  single- 
engine airplanes  have  a greater  number  of  stall  accidents  than  acci- 
dents involving  collision  with  ground/water  or  obstacles.  Conversely, 
heavier  weight  single-engine  £ind  twin-engine  airplanes  experienced 
more  accidents  involving  collisions  with  the  ground. 

• The  personnel  involved  in  agric\iltural  type  airplane  accidents,  in 
which  injuries  occur,  experienced  less  fatalities  per  occupant  in  all 
types  of  accidents. 

• The  ratio  of  fatalities  to  number  of  occupants,  for  accidents  involving 
injuries,  is  generally  lower  for  the  single-engine  airplane  than  the 
corresponding  ratio  for  twin-engine  airplanes  for  the  same  type  of 
accident. 

Based  on  the  evaluation  of  general  aviation  airplane  designs  and 
accident  statistics  and  a review  of  general  aviation  manufacturers  com- 
puter and  manpower  capability,  the  mathematical  modeling  requirements 
were  set  forth  in  Task  I (Reference  l).  The  review  and  evaluation  of 
general  aviation  airplane  configurations,  usages,  operational  and  struc- 
tural design  characteristics,  accidents,  industry  design  practices  and 
Industry  computer  capabilities,  indicated  that  the  use  of  a computerized 
analytical  technique  for  performing  crash  analysis  would  be  an  asset  to 
the  industry  if  it  contained  certain  features.  The  development  of  a 
general  aviation  airplane  industry  crash  analysis  computer  program  must 
take  into  consideration  the  need  to  analyze  reasonedily  complex  airfrsunes 
and  crash  conditions,  yet  not  impose  unrealistic  and  costly  investments 
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in  specialized  manpower  and/or  equipment  to  facilitate  in^proved  futiire 
crashwortby  designs* 

Ideally,  the  con?)uter  program  should  have  the  capability  to: 

• Provide  sufficient  information  which  can  be  used  to  assess  an 
occupant's  chance  for  survival.  As  a ^n^l^^^nnlTn  this  informa- 
tion sho\ild  consist  of  defining  floor  acceleration  pulses  and 
evaluating  cabin  damage  and  cabin  geometry  change. 

• Define  forces,  accelerations,  velocities  and  displacements  in 
three  directions. 

• Treat  multidirectional  impact  forces,  angles  and  angular  rates 
rerresentative  of  the  probable  crash  conditions  associated  with 
the  different  airplane  usages  and  operational  cheiracteristics. 

• Represent  various  types  of  structural  behavior  for  a wide  range 
of  structural  element  types,  particularly  wherein  post-failure 
large  deflections  occur. 

• Treat  structural  failures  and  the  consequences  of  the  failiares 
on  surrounding  structure, 

• Represent  different  airplane  configurations  such  as  high-wing, 
low-wing,  single-engine,  twin-engine,  tandem  engines,  individual 
and  multiple  seating  accommodations,  weights  up  to  at  least 
12,500  pounds,  and  retracted  or  extended  landing  gear. 

• Provide  the  means  to  treat  differences  in  terrain  (level,  hilly, 
water,  dirt,  concrete)  using  available  data  for  describing  the 
properties  of  the  terrain. 

• Treat  the  significant  phases  of  multiple  impact  crashes  wherein 
the  effect  of  an  initial  impact  is  accounted  for  in  subsequent 
impacts  during  the  SEune  crash. 
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• utilize  crash  input  acceleration  magnitude,  shape,  d\iration  and 
direction  information  sis  an  input  to  the  alrplsine. 

• Facilitate  usage  and  understanding  of  standard  values , English 
symbols  end  simplified  input  requirements. 

It  is  desirable  that  the  computer  program  be  written  in  Fortran  IV  and 
be  applicable  for  use  on  the  large  size  computers  (i.e.  IBM  360,  IBM  370,  CDC 
6600)  having  at  least  3T5iOOO  bytes  of  core  storage.  Furthermore,  as  a mini- 
mum the  documentation  should  consist  of  a User's  Manual  describing  the  theory, 
input-output  requirements,  a sample  illustrative  problem,  techniques  for  repre- 
senting structure,  instructions  on  how  to  utilize  specialized  featiores, 
program  limitations,  and  structural  design  guidelines. 

To  meet  these  basic  requirements,  program  KRASH,  developed  earlier 
(Reference  2),  was  modified  to  include  additional  features.  These  features 
£tre  described  in  Reference  1.  Having  refined  KRASH  to  facilitate  its  usage 
by  the  general  aviation  industry,  the  program's  capability  was  then  assessed 
with  the  use  of  two  different  sets  of  limited  controlled  crash  test  data 
for  two  different  airplane  configtirations  (single  engine  high-wing  and  low- 
wing).  The  compeirison  of  test  and  analysis  was  performed  for  the  follow- 
ing three  impact  conditions : 

(a)  1+5  feet  per  second  longitudinal  velocity  impact  into  a 1+5 
degree  dirt  barrier 

(b)  eg  velocity  of  1.6  feet  per  second  (down)  and  21.6  feet 
per  second  (forward)  and  a pitch  attitude  of  38.5  degrees 
(nose  down) 

(c)  eg  velocity  01  0.5  feet  per  second  (down)  and  3.8  feet 

per  second  (forward),  a pitch  attitude  of  19.6  degrees  (nose 
down  in  inverted  position),  and  a pitch  rate  of  89.1+  degrees 
per  second  (nose  down  in  inverted  position) 
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Condition  (a)  is  a test  representing  a stedl  spin  accident  while 
conditions  (h)  and  (c)  are  the  primary  and  secondary  Impacts,  respectively, 
diiring  a test  representing  an  overturn  accident. 

During  Task  I Program  KEASH  was  shown  to  be  capable  of  defining; 

• Spatial  and  ten^joral  energy  distribution  including  mass 
kinetic  and  potential,  member  strain  and  damping,  structural 
crushing  and  ground  friction; 

• Large  nonlinear  behavior  into  the  post-failure  region  includ- 
ing cabin  deformation; 

• Acceleration  pulses  at  the  floor  in  regions  where  occupants 
are  located  for  the  purpose  of  determining  occupant  response 
using  an  available  occupant-seat-restraint  system  math  model; 

• Forces,  accelerations,  velocities  arfd  deflections  resulting 
from  multidirectional  impacts; 

• Structiiral  behavior  for  a wide  range  of  structural  element 
types  associated  with  general  aviation  airplane  design; 

• Large  motion  rigid-body  behavior  wherein  grotind  contact 
forces  can  be  defined;  and 

• Mathematical  model  requirements  for  two  different  airplane 
configurations  (high-wing,  low-wing). 

1.2  TASK  II  EFFORT 

Vfhlle  the  results  of  Task  I indicate  that  computer  program  KRASH 
is  a potentially  valid  tool  for  performing  structural  crashworthiness 
analysis  of  general  aviation  airplanes,  they  edso  indicate  that  the 
effectiveness  of  it  as  an  analytical  tool  could  be  further  enhanced. 

A systematic  approach  employing  severed  highly  instrumented  flightworthy 
airplanes  along  with  complete  film  coverage  and  a comprehensive 
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correlation  study  between  test  and  analytical  data  will  contribute  to  the 
verification  of  the  program’s  capability,  define  its  limitations  and  provide 
additional  input  data  for  inclusion  in  a User's  ManueJ.. 

The  primary  objective  of  this  portion  of  Task  II,  which  is  reported 
herein,  is  the  verification  of  the  mathematical  simulation  (KRASH)  with 
full-scale  controlled  crash  test  data.  This  report  contains  the  following 
information: 

• Test  preparations  for  four  fully  instrumented  single-engine, 
high-wing  airplane  crash  tests 

• Resiilts  of  the  four  single -engine,  high-wing  airplane  crash 
tests  including  pertinent  recorded  data  and  film 

• Program  KRASH  refinements  ^ 

• Single -engine,  high-wing  airplane  math  models  representative 
of  crash  test  conditions 

• Con^jsjrison  of  test  and  analytical  results  for  each  of  the 
crash  tests 

• Literature  survey,  evaluation  and  matrix  categorization  for 
struct\ire/soil  interaction  data  and  related  subjects 

• A summary  of  results 

• Conclusions  formulated  as  a result  of  the  work  performed  in 
this  portion  of  Task  II. 

The  results  of  this  effort  and  the  previous  task  (Reference  l)  will 
be  used  to  help  develop  potential  design  crash  environment  criteria  and 
the  formulation  of  methods  for  showing  compliance  during  the  conpletion 
of  Task  II  which  will  be  reported  at  a later  date. 
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SECTION  2 


FULL  SCALE  CRASH  TEST  PREPARATION 

2.1  OBJECTIVES 

The  objectives  of  the  test  program  are  to  provide  teat  data 

• for  correlation  with  digital  computer  program  KRASH 
as  modified  for  general  aviation  airplane  application 

• to  be  used  as  a basis  for  in?)rovement  of  the  computer 
program 

• for  subsequent  use  in  occupant-seat-restraint  system 
math  models 

• for  development  of  improvements  for  futiore  crashworthy 
airframe  and  seat-restraint  system  design, 

2.2  TEST  SHE 

All  full  scsJLe  crash  tests  were  performed  at  the  NASA-Langley  Research 
Center  (LRC)  In^iact  Dynamics  Research  Facility  (IDRF).  Figure  2-1  shows 
the  basic  structure  (gantry)  of  the  IDRF.  The  gantry  is  24l  feet  high, 

403  feet  long  and  270  feet  wide  at  the  ground.  Aircraft  are  crashed  into 
the  impact  surface  as  free  bodies  by  use  of  a pendulian  swing  method  to 
obtain  desired  flight  paths  and  velocities.  The  crash  test  facility  and 
testing  technique  are  fully  described  in  Reference  3» 

2.3  TEST  SPECIMENS 

Three  used  flightworthy  and  structur€jj.y  soimd  single-engine,  high- 
wing  airplanes  were  used  in  the  performance  of  the  full-scale  crash  tests. 
The  vintage  of  the  test  airplanes  used  are: 

Specimen  1,  1967  - Test  1 

Specimen  2,  1964*  - Tests  2 and  4 

Specimen  3»  I966  - Test  3 

* The  Test  2 airplane  sustained  minor  damage  and  was  repaired  and 
used  again  in  Test  4. 
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Lgure  2-1.  NASA-Langley  Research  Center  Impact  Dynamics  Research  Facility 


The  airpleuies  in  their  as-received  condition  are  shown  in  Figure  2-2, 
2-3,  and  2-4,  respectively.  The  airplanes  are  of  the  same  basic  structural 
design  and  specifications.  In  preparation  for  the  tests,  the  fuel  tanks 
were  purged  and  upholstery,  reeir  seats,  wheel  fairings,  left  door,  tail 
section  and  miscellaneous  equipment  such  as  radios  were  removed  from  each 
of  the  airplanes.  In  addition,  the  airplanes  were  painted  yellow  with 
Identifying  black  stripes  and  markers  located  as  follows; 

• two-inch  black  stripe  to  identify  0.0  B.L.  on  the  top  and 
bottom  and  0.0  W.L.  on  the  left  and  right  side 

• three -queorter  inch  black  stripe  to  identify  bulkhead  and 
stringer  locations. 

• c.g.  location 

• test  target  alignment. 

The  tail  section  was  represented  by  a substitute  structure  having 
the  proper  mass  and  location.  Removal  of  the  tail  surface  minimizes 
adverse  aerodynamic  effects  eind  slii5)lifies  the  pullback  cable  arrange- 
ment. 


Initial  preparation  of  the  airplanes  also  included  installation  of 
wing  spoilers,  installation  of  cameras,  lights  and  accelerometer  mounting 
brackets,  and  structural  modification  to  the  airplane  to  accept  harness 
and  pullback  attachments.  This  work  was  performed  at  the  Cessna  Aircraft 
Company,  Pawnee  Division  facility  in  Wichita,  Kansas,  After  initieO.  pre- 
paration, the  swing  system  was  installed  to  insure  proper  fit.  Thereafter, 
the  swing  system  was  detached  and  along  with  the  disassembled  airplane 
trucked  to  NASA's  IDRF  where  the  airplanes  were  reassembled*  Final  installa- 
tion of  accelerometers,  cameras  and  pre-test  checkout  took  place  at  the 
IDRF.  Tltoe  weight  and  c.g.  location,  including  instrumentation,  water  in 
the  tanks  to  simulate  fuel,  and  ballast  for  each  of  the  test  specimens  are 
given  in  Table  2-1.  In  each  of  the  tests,  the  wing  flaps  were  set  in  the 
up  position. 
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Figure  2-2.  Airplane  Specimen  Number  1 in  As-Received 
Condition 


Figure  2-3.  Airplane  Specimen  Number  2 In  As-Received 
Condition 
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Figure  2-h.  Airplane  Specimen  I^^amber  3 in  As-Received 
Condition 


TABLE  2-1.  TEST  WEIGHTS  AND  C.G.  LOCATIONS 


Weight  (lb) 


The  water  in  each  fuel  tank  was  dyed  a different  color  so  that  fuel 
tank  damage,  if  it  occurs  during  the  tests,  can  reauiily  be  detected. 

The  alignment  target  used  on  each  airplane  is  located  at  F,S,  16.66, 

W.L.  -16,5  and  LBL  19.45. 

2.4  TEST  CONDITIONS  AUD  SEftIJENCE 

The  impact  test  conditions  are  noted  in  Table  2-2.  The  NASA  nota- 
tion (0=Y  + Of  ) is  adhered  to  in  establishing  the  impact  conditions, 
where  Y is  the  flight  path  angle,  6 is  the  pitch  angle,  and  a is  the 
angle  of  attack.  The  nomenclature  and  expressions  described  in  Reference  3 
are  followed.  The  planned  in^jact  position  for  each  of  the  tests  is  shown 
in  Figures  2-5,  2-6,  2-7  and  2-8,  for  Tests  1 through  4,  respectively. 

The  impact  surface  for  Tests  1,  2,  and  3 is  concrete.  Compacted  soil 
representing  a lightly  plowed  field  is  used  as  an  impact  surface  in  Test  4. 

Details  of  the  soil  characteristics  used  in  the  test  are  given  in  Appendix  A, 
while  the  soil  literature  survey,  evaluation  and  matrix  categorization  for 
structure/soil  interaction  data,  and  related  subjects  are  presented  in  Appendix  B. 

2.5  SWING  HARNESS  AND  PULLBACK  SYSTEMS 

Figure  2-9  shows  the  airplane  with  its  swing,  pitch,  and  pullback 
system  and  the  umblllcsil  cable  arrangement  for  Tests  1,  2 and  4.  The  pull- 
back system  is  a four  point  release  (2  at  the  landing  gear  and  2 at  the  wing 
aft  spar).  The  swing  harness  is  also  a four  point  release  (forward  pitch 
cable,  sift  pitch  cable  emd  2 swing  cable  attswh  points).  PuUbewk,  swing 
and  pitch  cable  separation  is  accon5)lished  through  the  use  of  pyrotechnics 
provided  and  operated  by  NASA.  For  Test  3 a slight  vsuriation  in  the  loca- 
tion of  the  swing  cable  and  pitch  cable  attachments  is  necessary  to  achieve 
the  desired  20  degree  roll  angle  and  allow  the  line  of  action  to  pass 
through  the  airplane  c.g.  Figure  2-10  shows  the  Test  3 airplane  with  the 
swing,  pitch  and  pullback  systems  instsdled.  The  location  of  the  swing 
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Figxire  2-9,  Swing  Harness  and  Pullback  System  Arrange- 
ment, Tests  1,  2,  4 


Swing  Harness  and  Pullback  System 
Arrsingement , Test  3 
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attachment  on  the  left  wing  and  the  slight  offset  at  where  the  forward 
pitch  cables  attach  to  the  firewall  is  shown.  The  location  of  the  aft 
pitch  cable  attachment  and  the  lunbilical  cable,  both  not  shown,  is  euLso 
offset  slightly. 

The  swing  system  iiardware  design  details  consist  of  the  following; 

• Swing  Cable  Attachment : A wing  spar  bracket  was  designed 
and  fabricated  to  use  for  attachment  of  the  swing  cables. 

The  forward  and  aft  wing  spars  are  modified  to  include  a 
special  fitting  to  accomplish  this  attachment.  For  Tests  1, 

2,  6ind  U the  attachment  hardware  is  located  outboard  of 

the  carry-thru  spar,  which  allows  for  a lateral  distance 
between  attachments  of  approximately  U3  inches.  For  Test  3 
the  attachment  hardware  is  located  outboard  of  the  right 
wing  carry-thru  spar  and  at  B.L.  kg, 66  on  the  left  wing 
(Figiire  2-10)  which  provides  a lateral  distance  between 
attachments  of  approximately  71  inches.  The  swing  cable 
line  of  action  passes  through  the  airplane  c.g.  in  each  of 
the  tests. 

• Pitch  Cable  Attachment:  Pitch  cable  brackets  are  located 

at  the  0.0  B.L.  The  forward  pitch  cable  attachment  is  through 
a cable  system  from  the  top  of  the  engine  firewall  (F.S.  3.1*) 
to  the  lower  engine  mount  attach  points.  The  aft  pitch  cable 
bracket  is  attached  to  the  tailcone  at  bulkhead  (F.S.  llU.O). 
The  pitch  cable  line  of  action  passes  through  the  Airplane 
c.g.  in  each  test. 
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• Pullback  Cable  Attachment:  The  upper  pullback  cable  attaches  to 
the  aft  wing  spar  at  the  swing  cable  bracket.  The  lower  pullback 
cable  attaches  to  the  landing  gear.  The  pullback  cable  line  of 
action  passes  through  the  airplane  c.g.  in  each  test. 

• Design  Criteria: 

o Pitch  Cable  Attachment  Brackets  - The  pitch  cable  attachments 
are  designed  to  a minimum  strength  of  1000*  pounds  each. 

o Swing  Cable  Attachment  - The  Aircraft  is  expected  to  encounter 
a Ig  centrifugal  force  load  in  addition  to  the  Ig  gravitation 
force  during  swing  down.  Each  bracket  (2)  is  designed  for  a 
minimum  of  2 g's*  (total  of  U g's*). 

o Pullback  Cable  Attachment  Structure  - The  lower  attachment 
structure  for  the  ptillback  cable  and  also  the  upper  cable 
attachment  are  designed  for  a total  of  3.0  g's.* 

The  planned  test  and  sequence  are  shown  in  Table  2-2,  In  order  to 
achieve  the  impact  conditions  noted  in  Table  2-2,  the  cable  lengths  and 
airplane  attach  points  are  changed.  A summary  of  attach  point  locations 
euid  true  length  dimensions  is  shown  in  Table  2-3  (Tests  1 and  1+),  Table 
2-k  (Test  2)  and  Table  2-5  (Test  3). 

2.6  INSTRUMENTATION 

A minimum  of  forty-four  accelerometer  channels  were  employed  to 
record  the  dynamic  response  of  the  structxire  and  occupant (s)  during  each 
test.  The  signals  are  fed  into  a Junction  box  on  board  the  airplane.  The 


*Design  Loads 
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TABLE  2-3.  SINGLE-ENGINE,  HIGH-WING  AIRPLANE  AITACHMENT 
LOCATIONS  AND  CABLE  LENGTHS,  TESTS  1 AND  U 


Attachment 

(a) 

1 

Location 

True  Length 

(b) 

(in. ) 

F.S. 

(in.) 

W.L. 

(in.) 

S aL  • 
(in.) 

Pitch  Harness  (c) 

Forward  attach  point 

3.4 

17.15 

0.0 

76.3 

Aft  attach  point 

114.0 

22.75 

0,0 

88.2 

Pullback  Harness  Cc) 

Upper  attach  point 

66.57 

33.1 

21.3 

215.0 

Lower  attach  point 

65.0 

-19.1 

21.0 

216.6 

Swing  Cable  ( c ) 

Attach  point 

47.14 

42.0 

21.75 

32.2 

Pullback  Bar  (c) 

Cable  attach  point 

280.0 

6.96 

18.0 

- 

"D"  Ring  Locations  fc) 

i-  - - - --  

47,  i4 

73.7 

26.57 

- 

(a)  All  attach  points  except  the  pullback  bar  and  "D"  ring  are  on 
the  airpleuie  fuselage. 

(b)  True  lengths  are  measured  from  attach  point  to  swing  cable  inter- 
face point  ("D"  ring) 

(c)  Left  and  right  sides 
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TABLE  2-4.  SIRGLE-ENGINE*  Hlffl-WIRG  AIRPLANE  ATTACRMERT 
LOCATIONS  AND  CABLE  I£NGTHS«  TEST  2 


Attachment 

Location 

True  Length 

(a) 

(in.) 

W.L. 

(in.) 

B.L. 

(in.) 

(b) 

(in.) 

Pitch  Harness  fc) 

Forward  attach  point 

3.4 

17.15 

0.0 

61.5 

Aft  attach  point 

114.0 

22.75 

0.0 

111.3 

Pullback  Harness  (c) 

Upper  attach  point 

66.57 

33.1 

21.3 

2o4.7 

Lower  attach  point 

65.0 

-19.1 

21.0 

229.8 

Swing  Cable  (c) 

Attach  point 

30.67 

42.0 

21.75 

32.2 

Pullback  Bar  (c) 

Cable  attach  point 

258.1 

105.37 

22.0 

- 

"D"  Ring  Location  Ic) 

17.25 

70.85 

26.57 

- 

(a)  All  attach  points  except  the  pullback  bar  and 

ring  are  on 

the  airplane  fuselage. 

(b)  True  lengths  are  measured  from  attach  point  to  swing  cable  in- 
terface point  ("r"  ring) 

(c)  Left  and  right  sides 

2-14 


TABLE  2-S.  SIHGLE«EBSIHE»  HIOH-VIHQ  AIRPLANE  ATTACHMENT 
LOCATION  AND  CABLE  LENGTHS,  TEST  3 


Attachment 

Location 

True  Length 

F.S. 

W.L. 

Be  lie 

(b) 

(a) 

(in. ) 

(in.) 

(in.) 

(in. ) 

Pitch  Harness  (c) 

Forward  attach  point 

3.»* 

17.15 

3.0 

96.2 

Aft  attach  point 

llU.O 

22.75 

5.55 

IOI1.6 

Pullback  Harness  ( c ) 

Upper  attach  point 

66.57 

33.1 

21.3 

215.0 

Lover  attach  point 

65.0 

-19.1 

21.0 

216.6 

Swing  Cable 

Attach  point,  left 

1*7. lU 

U3.72 

21.75 

36.0 

Attach  point,  right 

1*7.  li* 

U2.OO 

21.75 

61.9 

Pullback  Bar  ( c ) 

Cable  attach  point 

280.0 

6.96 

22.0 

— 

”D"  Ring  Location  (c) 

U7.IU 

87.22 

38.79 

- - 

(a)  All  attach  points  except  the  pullback  bar  and  "D”  ring  are 
on  the  airplane  fuselage. 

(b)  True  lengths  are  measured  from  attach  point  to  svlng  cable 
Interface  point  ("D"  ring). 


(c)  Left  and  right  side 


Junction  box  centroid  is  located  at  F.S.  77.3,  W.L.  5.5.  L.B.L.  20.0.  Layouts 
showing  the  locations  of  the  accelerometers  are  presented  in  Figures  2-11 
through  2-13  for  the  planned  symmetrical  and  unsymmetrical  tests.  Tests  1,  2 
and  It  involve  symmetrical  impact  and  only  accelerations  in  the  airplane 
longitudinal  and  vertical  directions  were  measured.  With  the  exception  of  the 
accelerometers  located  on  the  nose  £ind  main  gears  for  Test  U,  the  accelerometer 
locations  for  Tests  1,  2 and  U were  identical.  In  Test  3 the  impact  was  un- 
symmetrical and  accelerations  were  measured  in  the  airplane  vertical,  longi- 
tudinEil  and  lateral  directions.  Tables  2-6  and  2-7  depict  the  accelerometer 
number,  location,  type,  axis,  tape  and  channel  number,  peak  G setting,  and 
polarity  response  settings  for  each  accelerometer  used  for  Tests  1 and  2, 
respectively.  Tables  2-8  and  2-9  describes  the  accelerometer  setup  for  Tests 
3 and  U,  respectively.  The  total  number  of  each  type  accelerometer  available 
for  Ihe  test  program,  along  with  their  respective  capabilities,  is  given  in 
Table  2-10.  Positive  polarity  for  all  tests  is  up,  aft  and  right. 

For  each  test  there  were  two  instrumented  dummies  (Tables  2-6  through 
2-9)  located  in  the  pilot  and  copilot  seats.  The  pilot  is  95th  percentile 
anthropomorphic  dummy  weighing  22k  pounds.*  The  anthropometric  dummy, 
representing  the  copilot,  weighs  202  pounds,  (approximately  80th  percentile 
by  weight).  The  95th  percentile  dummy  has  two  restraint  system  transducers 
(load  cells  one  each  for  the  lap  belt  and  shoulder  harness  and  one  chest 
deflection  measurement  whose  responses  are  recorded  on  dc  channels.  The 
d\ammy  representing  the  copilot  has  two  restraint  system  transducer  signals 
(lap  belt  and  shoulder  harness)  recorded  on  dc  channels.  The  dummies  with 
their  restraint  systems  and  load  cells  are  shown  seated  in  an  airplane  in 
Figure  2-ll*.  Also,  some  of  the  target  markers  and  stripes  on  the  airplane 
are  shown.  The  markers  along  with  the  black  stripes  are  used  to  help  determine 
approximate  structural  deformation  encountered  during  the  tests. 


•Weight  includes  clothes  and  shoes. 
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TABLE  2-6.  ACCELEROMETER  LOCATIONS  AND  RESPONSE  SETTINGS  FOR  TEST  1 
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TABLE  2-7.  ACCELEROMETER  LOCATIONS  AND  RESPONSE  SETTINGS  FOR  TEST  2 


1 
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TABLE  2-8.  ACCELEROMETER  LOCATIONS  AND  RESPONSE  SEITINGS  FOR  TEST  3 


f g 


«cc«l*rce«ter  at  th«  r«qu«At  of  cho  FAA  and  ch«  output  vat  rocordcd 

an  oclilo|raph  c’troufti  J^Box  chaanol  >2 


TABLE  2-9.  ACCELEROMETER  LOCATIONS  AND  RESPONSE  SETTINGS  FOR  TEST  k 


Accelerometer 


Type 


Number 

Available 


Endevco 

226OCA 


750 

2500 

2000 


0-2000 

0-2000 


2-500( 


Figure  2-l4.  Occupants  and  Restraint  Systems  Insteilled 
in  Airplane 


In  Tests  1 and  2 two  displacement  rods  (at  F.S.  27  and  F.S.  63)  and 
two  linear  motion  potentiometers  (requiring  dc  channels)  were  installed 
in  the  airplane  for  the  purpose  of  recording  cabin  deformation.  The  re- 
sults of  Tests  1 and  2 indicated  that  the  two  linear  potentiometers  should 
be  replaced  by  accelerometers  to  improve  the  coverage  of  the  unsymmetrical 
crash  condition  of  Test  3 in  view  of  the  limited  number  of  available  dc 
channels.  In  addition  the  potentiometers  are  prone  to  failure  under 
combined  loads  before  large  displacements  are  reached.  The  vertical  dis- 
placement rod  and  potentiometer  are  shown  in  Figure  2-l4  on  the  vehicle 
right  side  near  the  aft  door  post . 


TABLE  2-10.  AVAILABLE  ACCELEROMETERS  FOR  TESTS 


All  data  were  recorded  by  NASA  using  the  existing  IDRF  recording  system. 

A total  of  52  channels  of  data  plus  timing  and  radar  to  determine  velocity 
were  recorded  in  each  test.  Each  tape  of  recorded  data  has  an  IRIG  "A"  time 
code  (except  Test  2 in  which  an  IRIG  "B"  was  used)  so  that  all  the  signals  can 
be  synchronized.  Starting  with  the  second  test,  NASA  introduced  a filter  in 
their  recording  system  which  is  3 dB  down  at  1000  Hz.  IRIG  "B"  is  compatible 
with  frequencies  at  or  below  1000  Hz.  However,  radar  resolution  is  +0.1  mph 
with  IRIG  "A"  and  +0.8  mph  with  IRIB  "B".  The  setup  for  the  load  cells  and 
displacement  measurements  are  shown  in  Table  2-11. 

2.7  PHOTOGRAPHIC  COVERAGE 

Up  to  17  high-speed  cameras  and  3 normal  speed  documentary  cameras  were 
used  to  record  the  trajectory  of  the  airplanes  and  the  action  during  impact. 
Three  of  the  high-speed  cameras  were,  located  onboard  the  airplanes.  One 
camera  was  mounted  in  the  center  of  the  instrument  panel  facing  rearward.  The 
front  onboard  camera  was  located  in  the  open  position  between  the  control 
wheels,  see  Figure  2-15.  A second  onboard  camera  weis  mounted  in  the  rear 
luggage  compartment  facing  forward,  see  Figure  2-l6. 

Figure  2-l6  also  shows  the  locations  of  a)  the  battery  box  (white  box  in 
front  of  camera  bracket),  b)  the  platform  for  pyrotechnics  (forward  of  the 
battery  box)  c)  aft  mounted  onboard  cameras  and  d)  the  Junction  box  (not  shown) 
which  is  forward  of  the  luggage  door  and  on  the  wall  between  F.S.  65  and 
F.S.  90.  The  third  onboard  camera  is  located  on  the  left  wing  facing  inboeird 
(Figure  2-17).  The  location  of  all  the  cameras  and  descriptions,  including 
speeds,  lenses  and  coverage  are  given  in  Figure  2-18  and  Table  2-12,  respec- 
tively. Camera  nvmbers  19  and  20  were  used  on  Test  3 only.  In  addition  to  the 
film  coverage,  pretest  and  post-test  still  photographs  of  the  test  setup  and 
crash  related  damage  were  also  obtained.  All  films  have  a timing  code. 

2.8  DATA  REDUCTION 

The  histories  of  all  accelerometer,  load  cell  and  position  transducer 
responses  are  recorded  on  magnetic  tape  with  a frequency  capability  of  up  to 
1000  Hz.^  The  tapes  are  digitized  and  history  plots  obtained.  The  digitized 
data  is  filtered,  using  100  and  300  Hz  cutoff  frequencies.  Selected  digitized 


•Down  3 dB  at  1000  Hz. 
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CAMERA 


Location  of  Wing  Mounted  Camera 


ITA.  QOO  2700  4400  «000  9000  10400 


22400 


S § I 

a 10 

FuMlage  ttatlon*  are  ihown  for  refererice  orily 

Overhead  cameras 

Scanning  cameras 

Onboard  cameras 

Ground  level  cameras 

Figure  2”18.  Photographic  Coverage  Layout 


TABLE  2-12.  CAMERA  TYPE,  LOCATION  AND  COVERAGE  DATA^®’^^^^ 


No. 

Location 

Coverage 

Lens 

1. 

Wing  Mounted^^^ 
F.S.35.0,W.L.11.0,LBL  75 

Left  Side  View  of  Occupants, 
Seats  and  Cabin 

10  mm 

2. 

Front  Onboard^^^ 
F.S.16.6,W.L.15.8,RBL  2.3 

View  Looking  at  Occupants 
from  the  Front 

Fish-eye 

3. 

Rear  Onboard^^^ 
F.S.118,W.L.5.0,B.L.  0.0 

View  Looking  at  Occupants , 
Seats  and  Side  Structure 
from  the  Rear 

10  mm 

k. 

Ground  Level 

c.g.  and  General  Data 

2 Fuselage  Lengths 

5. 

Ground  Level 

Right  Side  View  of  Forward 
Fuselage  and  Cabin 

1 Fuselage  Length 

6. 

Ground  Level 

Overall  Front  View  of 

Fuselage  Impact  Region 

1-1/2  Wing  Spans 

7. 

Overhead 

( c ) 

Ground  Level 

( c ) 

Ground  Level 

( e ) 

Ground  Level 

Front  View  Looking  Down  on 
Impact  Region 

1-2  Wing  Spans 

8. 

Documentary  Scan  of  Crash 
Sequence 

Zoom 

Fixed  Wide  Angle 

9 Fuselage  Lengths 

Scan  of  Crash  for  Sequence 
Photos 

Zoom 

B 

Ground  Level 

Large  Field  Side  View 

i*  Fuselage  Lengths 

12. 

Ground  Level 

Front  View  of  Fuselage  Impact 

1 Wing  Span 

13. 

Ground  Level 

High  Speed  Scan 

Zoom 

iL. 

Overhead 

Side  View  Looking  Down 

L Fuselage  Lengths 

15. 

Overhead 

Side  View  Looking  Down 

k Fuselage  Lengths 

16, 

Overhead 

Front  View  Looking  Down  on 
Impact  Region 

1 Wing  Span 

17. 

Groand  Level 

Left  Front  Quarter  View  of 
Fuselage  and  Cabin 

1-2  Fuselage 

Lengths 

18 

Ground  Level 

Left  Rear  Quarter  of  Cabin 
and  Aft  Section 

1-2  Fuselage 
Lengths 

19. 

Gro’jnd  Level 

Right  Front  Quarter  View  of 
Fuselage  and  Cabin 

1-2  Fuseleige 
Lengths 

20. 

Ground  Level 

Right  Rear  Quarter  View  of 
Cabin  and  Aft  Section 

1-2  Fuselage 

Lengths 

(a) 

(b) 

(c) 

Refer  to  Figure  2-l8.  (d)  All  cameras  have  l6mm  film  sind  operate  at  1*00 
50-g  Cameras  pictures /second  (pps)  unless  otherwise  noted 

2h  pps  (e)  70mm,  20  pps 

L 
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acceleration  data  co'e  numerically  Integrated  to  obtain  velocities.  A sampling 
rate  of  5000  samples  per  second  Is  used  In  digitizing  the  data  and  the  filter 
characteristics  are  such  that  the  terminal  frequency  Is  twice  that  of  the 
cutoff  frequency. 

No  presampling  filter  of  the  aneLLog  data  was  required  since  the  recording 
equipment  electronically  filters  frequencies  above  750  Hz*.  The  300  Hz  low- 
pass  filtering  expression  for  the  number  of  weights  (N^)  is: 

Uf 

1 

r 

where  f^=  sampling  rate  (5000  samples/second) 

f = r - f = 600  - 300  “ 300  Hz 

r t c 

N = 67.7  (67  or  69  is  xised) 

w 


i 


The  100  Hz  low-pass  filter  characteristics  are: 

f * 200  - 100  * 100  Hz 
r 

f = 500  Hz 
s 

N = 201  Hz 
w 

Appraisal  of  injury  potential  of  a head  impact,  where  appropriate,  is 
described  in  Reference  4 which  uses  the  Weighted  Impiilse  Criterion  (Gadd 
Severity  Index).  The  Severity  Index  (Sl)  expression  is: 

SI  = y n 

Ja  dt 

a s acceleration 

n = 2.5 

t = time 

*Down  3 dB  at  1000  Hz. 
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This  application  of  the  Weighted  Impulse  Criterion  is  directed  only  to  the 
occupant  head  acceleration  measurements. 


r 


i 


In  addition  to  the  recorded  test  data  analysis,  the  high  speed  film  was 
reviewed  and  data  pertinent  to  sequence  of  events,  impact  conditions,  airplane 
post-crash  "behavior,  structural  fcdlures  and  deformation  has  been  evaluated 
and  summarized. 
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SECTION  3 
TEST  RESULTS 


3.1  CRASH  TEST  1 

3.1.1  Impact  Conditions 

The  impact  conditions  for  crash  Test  1 as  obtained  from  radar,  high 
speed  film  analysis  and  a review  of  photographs  are: 


Velocities  (mph) 

along  flight  path 

55.5 

longitudinal 

47.4 

vertical 

28.7 

Angles  (degrees) 

flight  path  ( Y ) 

-30.72 

impact  ( 6 ) 

-30.17 

attack  ( 0 ) 

.55 

roll  ( 4>  ) 

4.13 

yaw  ( 4' ) 

-3.27 

Rotational  Velocities 

pitch  ( 6 ) 

46.4 

roll  ( «♦> ) 

negligibl 

yaw  ( 4^ ) 

negligible 

where;  Y is  negative  in  dive, 

e,  e are  positive  nose  up  relative  to  ground 
a is  positive  nose  up  relative  to  flight  path 
4>,  4>  are  positive  right  wing  down 
4< , are  positive  tail  left 
and  e = Y + O’ 

3.1.2  Crash  Impact  Sequence 

The  crash  sequence  for  Test  1 is  shown  in  Figure  3-1  at  in^jact  and 
every  30  milliseconds  thereafter  (up  to  I50  milliseconds).  Analysis  of 
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Test  1,  Impact  Sequence 


the  high  speed  film  provides  the  sequence  of  events  following  in5)act  given 
in  Table  3-1* 

3.1.3  Structural  Dameige 

A review  of  the  post-test  condition  of  the  airplane,  the  high  speed 
films  and  the  post -test  photographs  showed  that  the  airplane  sustained 
substantial  forward  fuselage  damsige,  loss  of  nose  gear,  failure  of  engine 
mounts,  moderate  cabin  damage,  extensive  deformation  of  the  floor  near  the 
occupant  leg  positions  (F.S.  27)  and  at  the  landing  gear  bxxUshead  (F.S.  60), 
sheared  front  seat  legs  (pilot  and  copilot),  and  only  minor  damage  to  the 
wings  (left  wing  torsion  failure),  the  wing  attachments  to  the  fuselage, 
the  aft  cabin  (F.S.  6O-IO8)  and  the  tail  section.  Table  3-2  presents  a 
summary  of  the  Test  1 damsige. 

Figures  3-2  through  3-13  depict  the  post-test  condition  of  the  air- 
plane used  in  Test  1.  Figures  3-2  and  3-3  show  a front  and  left  front- 
quarter  view,  respectively,  of  the  airplane.  Figures  3-4  and  3-5  illustrate 
the  right  side  damage.  The  damage  to  the  lower  fuselage  at  the  landing 
gear  attach  point  can  be  seen  in  Figure  3-5  along  with  a close-up 
of  the  right  side  cabin  region.  The  floor  damage  near  the  landing  gear 
bulkhead  is  partially  in  view.  Also,  the  rear  seat  legs  which  were  pulled 
out  of  their  tracks  can  be  observed.  Figures  3-6  and  3-7  are  views  of  the 
airplane  underside  after  the  cowl  was  removed.  Without  the  support  of  the 
ground,  the  engine  tilts  down  on  its  buckled  mounts.  These  two  figures 
illustrate  the  degree  of  damage  experienced  by  the  engine  mounts,  the  fire- 
wall, the  nose  gear,  the  lower  fuselage  structure,  and  the  fuselage  under- 
side in  the  region  of  the  cabin  and  as  far  back  as  the  landing  gear  bulk- 
head. 

Fig\ares  3-8  and  3-9  illustrate  the  seat  leg  damage.  The  front  legs 
of  both  the  pilot  and  copilot  seats  separated  above  the  floor  attach 
fitting.  Examination  of  failures  indicated  that  the  rivets  that  attach 
the  fittings  to  the  legs  sheared.  In  Figure  3-8  "the  severely  buckled  floor 


3-3 


Event 


Nose  Gear  Tire  Iii5)act 

Nose  Gear  Support  Failure 

Engine  Lower  Structure  Impact 

Engine  Spinner  Impact 

Lower  Firewall  Impact 

Right  Msiin  Gear  Tire  Impeuit 

Left  Main  Gear  Tire  Impact 

Right  Main  Gear  Bulkhead  Failure 

Pilot  Seat  Fon/ard  Leg  Failure 

Maximimi  Left  Main  Landing  Gear 
Tire  Deflection 
Tail  Cone  Buckles 


Time  in  Seconds 
After  Initial  Impact 


0 

.012 

.034 

.046 

.050 

.060 

.080 

.082 

.095 

.100 

.108 


TABLE  3-?.  CBASH  TEST  1 DAMAGE  SUMMARY 
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Figure  3-3.  Crash  Test  1,  Post-Test  Deunage,  Left  Front 
Quarter  View 
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Figure  3-4  Crash  Test  1,  Post -Test  Datnage,  Right  Rear  Quarter 


Figxjre  3"5  . Crash  Test  1,  Post-Test  Damage,  Seat  and  Lower 
Cabin  Region 
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Crash  Test  1,  Post -Test  Damage,  Side  View 
Showing  Underside  of  Forimrd  and  Mid  Cabin  Region 


Figure  3-7 
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structiire  at  and  forward  of  the.  front  seat  legs  is  evident.  Figtires  3-10 
and  3-11  display  the  damage  to  the  front  interior,  including  the  lower 
instrument  panel,  controls  and  floor  in  the  pilot  and  copilot  region, 
respectively.  Of  particular  importance  is  the  extent  of  damage  to  the 
floor,  rudder  pedals  and  lower  center  console  because  of  the  potential 
for  leg  injury.  Review  of  motion  pictures  and  examination  of  the  instru- 
ment panel  area  indicated  that  the  dummies,  representing  the  pilot  and 
copilot,  did  not  contact  the  panels  with  a force  sufficient  to  cause 
damage,  if  contact  was  made  at  all. 

Figure  3-12  shows  the  left  wing  and  strut  attachment.  The  wrinkled 
structure  is  due  to  a torsion  failure  between  the  front  and  mid  spar.  Other 
than  this  minor  damage,  the  wings  and  their  attachments  to  the  strut  and 
fuselage  survived  the  test  in  excellent  condition.  Altho\igh  theie  was  some 
minor  damage  to  the  right  wing  fuel  tank,  the  tanks  did  not  rupture  and  the 
fuel  was  retained. 

Figxire  3-13  chows  a top  view  of  the  engine  and  its  mounts  after  re- 
moval of  the  cowl.  The  pitch  harness  cable  was  attached  at  the  top  center 
of  the  firewall  bulkhead.  The  damage  at  that  point  is  believed  to  have  been 
caused  during  swing  down  and  not  by  the  crash  impact.  The  buckled  top 
engine  mounts  can  be  observed  on  the  left  and  right  sides. 

3.1.4  Response  Data 

A summary  of  Test  1 responses  is  given  in  Tables  3-3>  3-4  and  3-5  for 
the  peak  airplane,  occupant  pelvis  and  occupant  head  accelerations, 
respectively.  Initial  time  of  impact  for  each  test  is  given  in  Appendix  C. 
Table  3-3  presents  100  Hz.  and  300  Hz.  filtered  data  showing  airplane  peak 
load,  direction  and  time  of  occurrence.  Table  3-4  contains  occupant  pelvis 
peak  accelerations  and  durations  oriented  normal  to  and  along  the  occu- 
pant's backbone  for  750  Hz.,  300  Hz  and  100  Hz  frequencies.  Similarly, 

Table  3-5  presents  occupant  head  peak  accelerations.  The  head  peak  accel- 
erations experienced  during  Test  1 are  well  within  tolerable  levels 


Firewall 


Figure  3-12.  Crash  Test  1,  Post-Test  Damage,  Left  Wing 


Mounts 


Figure  3-13.  Crash  Test  1,  Post-Test  Damage,  Top  View  of 
Engine,  Engine  Mount  auid  Firewall 


TABLE  3-3.  SUMMARY  OF  CRASH  TEST  1 PEAK  AIRPLANE  ACCELERATIONS 


1 100  Hz.  Data  I 

1 300  Hz.  Data 

Location^®'^ 

Direction 

mmmmam 

mmMBam 

Engine 

VECl, 

Up 

Down 

39 

26 

.055 

.044 

40/58 

4o 

1 

.053/, 064 

.093 

BL 

0.0 

HEB2,  C-2 

Fwd 

Aft 

27 

52 

.075 

.058 

30/35 

60 

.073/. 093 
.060 

Firewall  Lwr. 

LBL 

VFC3,  A-13 

Up 

Down 

130 

140 

.073 

.047 

250 

300 

.073 

.048 

l4.0 

HPC4,  B-1 

Fwd 

Aft 

153 

96 

.042 

.074 

300 

230 

.043 

.072 

Cabin  Floor  Pwd. 

F.S.  21 

LBL 

VCC5,  B-1 

Up 

Down 

46 

25 

.097 

.043 

120 

80/115 

.097 

.041/.103 

13-5 

HCC6,  B-3 

Fwd 

Aft 

15/21 

19/64 

.095/. Ill 
.04i/.099 

100/140 

140/180 

.042/. 118 
.040/.106 

BL 

VCC7,  B-4 

Up 

Down 

80 

110 

.093 

.122 

200 

120 

.083 

.122 

0.0 

HCC8,  B-5 

Fwd 

Aft 

70 

153 

.103 

.096 

240 

300 

.103 

.098 

RBL 

VCC9,  B-6 

Up 

Down 

79 

23/15 

.091 

.024/. 088 

220 

60 

.091 

.088 

13.5 

HCCIO,  B-7 

PVd 

Aft 

70 

90 

.11 

.099 

200 

260 

.088/. 113 
.090 

Cabin  Floor  Mid. 

F.S.  44 

LBL 

VCB17,  D-4 

Up 

Down 

19/37 

100/145 

.081/. 19 
.088/. Ill 

60/70 

180/240 

.083/. 092 
.086/. 112 

8.0 

HCB18,  D-5 

Pwd 

Aft 

150 

15 

.111 

.045 

170 

100 

.111 

.118 

Aft 

Cabin  Floor 

F.S.  90 

LBL 

VCB7,  C-7 

Up 

Down 

15/^Q 

17/17 

.050/. 117 
.045/, 143 

52/50 

55/50 

.085/. 117 
.086/. 112 

8.0 

HCB8,  C-8 

Fwd 

Aft 

42 

40/38 

.046 

.041/. 116 

80 

44/52 

.046 

.042/. 116 

Top 

Cabin.  F.S.  65 

RBL 

VCBll,  C-11 

Up 

Down 

25/70 

13 

.078/. 105 
.083 

50/130 

60 

.088/. 105 
.09 

15.0 

HCB12,  C-12 

Fwd 

Aft 

33 

13 

.105 

.077 

70 

30 

.105 

.085 
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TABLE  3-3.  (Cont.) 


100  Hz.  Data 


00  Hz.  Data 


Location ' 


Cabin  Floor,  FS  108 
mi. 

hcb6,  c-6 


vccil,  b-8 

L 

HCC12,  B-9 

VCC13,  B-10 

° HCClU,  B-11 

VCC15,  B-12 
L 

HCC16,  B-13 

Wi  ng 

VWB13,  c-13 
L 

HWBlU,  D-1 

VWB15,  D-2 
L 

HWB16,  D-3 
Tail  Mass 

VTB3,  C-3 
^ HTBJ^,  C-U 

Tot)  Cabin,  FS  32 

VCB9,  C-9 
L 

■°  HCBIO,  C-10 


Direction 

imiBai 

mmfBBam 

Up 

31 

.093 

50 

.080 

Down 

U? 

.088 

100 

.068 

Fwd 

16/22 

.105/. 138 

60 

.085 

Aft 

30 

.093 

80 

.092 

Up 

- U5 

.115 

45 

! 

.115 

Dovm 

9 

.102 

10 

.103 

Fwd 

17/lU 

.025/. 045 

17/14 

.025/. 045 

Aft 

20/2U 

.078/. 106 

21/25 

.078/. 106 

Up 

3>+/37 

. .09/. Ill 

34/36 

.09/. Ill 

Down 

6 

.086 

6 

.086 

Fwd 

16/13 

.026/. 046 

16/13 

.026/. 046 

Aft 

27/29 

.10/. 112 

27/30 

.10/. 112 

Up 

3'*/50 

.100/. 112 

34/50 

.099/. 112 

Down 

17/12 

.026/. 046 

18/12 

.026/. 046 

Fwd 

13 

.079 

24 

.078 

Aft 

58 

.090 

60 

.091 

Up 

25/33 

.088/, 101 

74 

.086 

Down 

28/13 

.026/. 078 

38/36 

1 

.028/. 076 

Fwd 

27 

.092 

100 

.093 

Aft 

11/10 

.068/. 126 

60 

.095 

Up 

25 

.108 

44 

.108/. 115 

Down 

20/10 

.024/. 082 

37 

.086 

Fwd 

6/8 

.099/. 118 

36/42 

.093/. 123 

Aft 

9 

.083 

1 

30/35 

.086/. 123 

Up 

11 

.086 

12 

.085 

Down 

7 

,058 

8 

.058 

Fwd 

22/26 

.075/. 116 

25/25 

.073/. 116 

Aft 

40 

.068 

40 

.068 

Up 

75 

.105 

90 

.103 

Down 

80 

.093 

150 

.094 

Fwd 

35 

.100 

87 

.101 

Aft 

_ 34  _ _ 

.105 

60 

.105 

and  right  butt  lin< 

s,  respectively.  F.£ 

3.  denotes 

fuselage  station. 

(b)  Accelerometer  number,  Tape  and  channel  number,  respectively, 
c)  Time  in  seconds  after  impact. 


TABLE  3-J*.  CRASH  TEST  1 OCCUPANT  PELVIS  PEAK  ACCELERATIONS  AND  PULSE  DURATIONS 


Times  and  durations  are  in  seconds . 


(Reference  U)  for  impact  situations,  thus  further  confirming  that  the 
occupants'  heads  most  likely  did  not  impact  the  structure. 

The  tolerable  occupant  pelvis  responses  in  four  directions  relative 
to  the  spine  are  given  in  Table  3-6.  A comparison  of  the  test  results  in 
Table  3-^  with  the  data  contained  in  Table  3-6  indicates  that  the  accel- 
eration levels  experienced  by  the  dummies  during  Test  1 were  not  of  a 
severity  to  cause  serious  injury.  However,  the  damage  to  the  lower  for- 
ward fuselage  structure  most  likely  would  have  caused  severe  leg  injuries. 


TABLE  3-6.  TOLERANCE  ACCELERATION  LEVELS  FOR  OCCUPANTS  (REFERENCE  5) 


Volunti 

Exixasu; 

ary 

re 

Severe  Injury 

Direction 

Peak  g 

B 

Peak  g 

Duration 

sec 

Peakg  @ T = .004  sec 

Forward 

35 

.1 

55/40 

.02/.I 

90 

Aft 

45 

.04 

75/44 

.02/.1 

160 

Up 

16 

.04 

42 

.007-. 050 

80 

Down 

10 

.01 

50 

.02  -.160 

70 

T : 

= Duration  in  Seconds 

Typical  data  histories  from  Test  1,  including  filter  accelerations 
and  restraint  system  loads,  are  presented  in  Appendix  C. 

3.2  CRASH  TEST  2 
3.2.1  Impact  Conditions 

The  impact  conditions  for  Test  2 as  obtained  from  radar,  high  speed 
film  analysis  and  a review  of  photographs  are: 

Velocities  (mph) 


along  flight  path  50.8 

longitudinal  48 . 6 

vertical  l4.8 

Angles  (degrees) 

flight  path  ( Y ) -17.0 

impact  ( e ) +13.5 
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A 


attack  { cr  ) 
roll  ( ) 

yaw  ( 4<  ) 


+30.5 
+ 3.25 
-11.25 


Rotational  Velocities  (degrees  per  second) 


pitch  ( 6 ) 
roll  ( _<{»  ) 
yaw  ( 4*  ) 


6.9 

negligible 

negligible 


The  nomenclatvire  and  definition  of  positive  directions  are  the  same 
as  noted  in  section  3*1-1* 


3.2.2  Crash  Impact  Sequence 

The  crash  sequence  for  Test  2 is  shown  in  Figure  3“1^  ab  impact  and 
every  50  milliseconds  thereafter  (up  to  25O  milliseconds).  Analysis  of 
the  high  speed  film  provides  the  sequence  of  events  following  impact  given 
in  Table  3-7. 

3.2.3  Structural  Damage 

A review  of  the  post-test  condition  of  the  airplane,  the  high  speed 
films  and  the  post-test  photographs  showed  that  the  airplane  sustained 
damage  to  the  aft  tail  section  (F.S.  205-F.S.  228),  failure  of  the  nose 
gear  lower  support  structure  (nose  gear  pulled  forward),  slight  structural 


TABLE  3-7.  CRASH  TEST  2 SEQUENCE  OF  EVENTS 


Event 

Time  In  Seconds 
After  Initial  Impact 

Right  Main  Gear  Tire  Impewt 

0 

Left  Main  Gear  Tire  Impact 

.023 

Tail  Impact 

.033 

Nose  Gear  Tire  Impact 

.0U6 

Tail  Lifts  off  Ground 

.125 

Maximum  Left  Main  Gear  Deflection 

.150 
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1 ^ 

Figure  3-1**  • Crash  Test  2,  Impact  Sequence 


damage  to  the  lower  firewall  and  forward  fuselage  (F.S.  0 to  F.S.  27). 

The  main  landing  gears,  engine  and  its  mounts,  the  seats,  wings  and 
cabin  region  remained  intact.  Table  3-8  summarizes  the  Test  2 damage. 

Figures  3-15  through  3-20  depict  the  type  of  damage  sustained  by  the 
airplane  during  Test  2.  Figures  3“15  and  3-l6  provide  general  views  of 
the  airplane  from  both  the  left  front  and  right  reeo:  quarters,  respec- 
tively. Other  than  the  nose  gear  attachment  region,  the  airplane  was 
virtually  undamaged.  Figxire  3-17  shows  the  damage  to  the  nose  gear  lower 
support  structure,  and  the  lower  section  of  the  firewall  and  forward 
fuselage.  The  engine  and  its  mounts  remained  undamaged.  The  cabin  region 
sustained  no  damage.  Figiares  3-18  and  3-19  are  close-up  views  of  the 
damaged  areas  with  and  without  the  engine  cowling  in  place.  Figure  3-20 
shows  the  damage  to  the  interior  of  the  airplane,  particularly  the  tunnSl 
at  the  floor  between  the  pilot  and  copilot.  Other  than  the  slight  damage 
to  the  area  shown,  the  interior,  including  seats  and  restraint  system, 
is  in  good  condition.  This  airplane  was  refurbished  and  used  again  as 
the  vehicle  for  Test  U. 

3.2.4  Response  Data 

A summary  of  Test  2 responses  is  given  in  Tables  3-9,  3-10  and  3-11 
for  the  peak  airplane,  occupant  pelvis  and  occupant  heeui  accelerations, 
respectively.  Table  3-9  presents  100  Hz.  and  300  Hz.  filtered  data  show- 
ing airplane  peak  load,  direction  and  time  of  occiirrence.  Table  3-10  con- 
tains occupant  pelvis  peak  accelerations  and  durations,  oriented  normal 
to  and  along  the  occupsuit's  backbone  for  750  Hz.,  300  Hz.,  and  100  Hz 
frequencies.  Simileurly,  Table  3-11  presents  occupant  head  peak  accelera- 
tions. The  head  peak  accelerations  experienced  during  xes^  2 are  well 
within  tolerable  levels  (Reference  4)  for  inqjact  situations.  A conqMtrison 
of  the  test  results  in  Table  3-10  with  tolerable  occupant  pelvis  response 
data  (Table  3-6)  indicates  that  the  acceleration  levels  experienced  by  the 
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TABLE  3-8.  CRASH  TEST  2 DAMAGE  SIM^Y 


Location 

Type  of  Damage 

Applicable 

Figures 

Engine  and  Firewall 

Firewall  buckled  in  lower 
region 

3-17,  3-19 

Forward  Fuselage 

Slight  damage  to  underside 
structure  aft  of  firewall 

3-18 

Cabin 

No  structural  damage 

3-15,  3-16, 
3-20. 

Wings 

No  structural  damage 

No  fuel  spillage 

3-15,  3-16 

Seat  and  Restraint  System 

Seat  and  restraint  system 
remain  undamaged 

3-15,  3-16 

Tailcone 

Buckled  structure  between 
F.S.  205-228  sustained 
during  tail  impact 

3-15,  3-16 

Nose  Gear 

Failed  lower  support 
structure  in  tension. 

Nose  gear  and  tire 
moved  forward. 

3-17,  3-18, 
3-19. 

Main  Gears 

No  damage 

3-15,  3-16 

Figlire  3-15.  Crash  Test  2,  Post-Test  Damage,  Left  Front  Queirter  View 


Figure  3-16.  Crash  Test  2,  Post-Test  Damage,  Right  Rear  Queurter  View 


tmm 


Figure  3-18.  Crash  Test  2,  Post-Test  Damage,  Nose  Gear  and 
Lower  Fuselage 
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Lower  Sup- 


Figure  3-20.  Crash  Test  2,  Post-Test  Damage,  Fonmrd 
Fuselage  Floor  and  Timnel 


TABLE  3-9.  SUMMARY  OF  CRASH  TEST  2 PEAK  AIRPLANE  ACCELERATIONS 


100  Hz.  Data 

300 

Hz.  Data 

Location'  ' 

Direction 

Peak  g 

gggl 

Peak  g 

Engine 

VBCl, 

Up 

9 

.085 

9 

.064 

BL 

Dovm 

5 

.135 

5 

.113 

HEB2,  C-2 

Fwd 

6 

.085 

6 

.065 

Aft 

9 

.135 

10 

,115 

Firevall  Lvr. 

VFCS,  A- 13 

LBL 

Up 

Down 

56 

68 

.087 

.092 

88 

110 

.088 

.092 

HFC4,  B-1 

Fwd 

20 

.08 

6o/4o 

.055/. 080 

Aft 

13 

.06 

30 

.068/. 086 

Cabin  Floor  Fwd. 

F.S.  27 

VCC5,  B-2 

LBL 

Up 

16/14 

.095/. 06 

25/16 

.05/. 095 

Down 

5 

.088 

8 

.054/. 086 

^3-5  hcc6,  B-3 

Fwd 

Aft 

7 

7 

•.063 

.114 

17 

16 

.073 

.03 

VCC7,  B-1 

BL 

Up 

Down 

15 

6 

.05 

.055 

36 

14 

.05 

.054 

HCC8,  B-5 

Fwd 

Aft 

6 

4 

.048 

.06/. 09 

25 

25 

.114 

.117 

VCC9,  B-6 

RBL 

Up 

Down 

l4 

8 

.05 

.055 

35 

20 

.05 

.054 

Fwd 

6 

.010 

32/7 

.048/. 010 

HCCIO,  B-7 

Aft 

7 

.022 

30/11 

.05/. 024 

Cabin  Floor  Mid. 

F.S.  41* 

VCB17,  D-4 

LBL 

Up 

6 

.02/. 06 

17/16 

.02/.  052 

Down 

5 

.055 

17/15 

.036/. 05 

b:bi8,  D-5 

Fwd 

Aft 

11 

24 

• 055 
.05 

26/16 

44 

.034/. 055 
.05 

Aft  Cabin  Floor 

F.S.  90 

VCB7,  C-7 

LBL 

Up 

36 

.058 

46 

.058/. 072 

Down 

3i 

.064 

60 

.07 

HCB8,  C-8 

Fwd 

10 

.036 

26/28 

.034/. 08 

Aft 

10 

.031 

28/25 

.032/. 07 

Top  Cabin,  F.S.  65 

VCBll,  C-11 

Up 

Down 

24 

14 

.048 

.060 

24 

17 

.03/.04/.065 

.06 

RBL 

Fwd 

10 

.034 

15 

.034 

15.0  IICB12,  C-12 

Aft 

6 

,063 

13/8 

.038/. 113 
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TABLE  3-9.  CCont.) 


Cabin  Floor,  F.S.  103 
VCB5, 


HCB6,  C-6 


Landing  Gear  Floor 
Region,  F.S.  60 


VCCll,  B-8 


HCC12,  B-9^^^ 


VCC13,  B-10 


HCC14,  B-11 


VCC15,  B-12 


HCCI6,  B-13 


WBI3,  C-13 


HMBlU,  D-1 


VWBI5,  D-2 


HWBI6,  D-3 


Tail  Mass 


.118/  .122 

.122 


.032/.  052/.  07 
.O3U/.O67 


.052  33  .052 

.058  21/15  .035/. 06 

.057  18  .027 

.022/. 03/  24/22/  .022/. 025/. 03 
.064  19 

.064  27  .064 

■ .058  30  .012/. 060 

18  .067 

.02/. 052  20  .060 


.02/. 052  20 

.050  16/15 

.l4o  12/15 

.025/. 09  10 

.075  16 


.036/. 15 
.08 


.082/. 05 
.08/. 13 


VTB3,  c-3 


htb4,  c-4 

Top  Cabin,  F.S.  32 
VCB9,  C-9 


HCBIO,  C-10 


(a)  LBL,  RBL  denote  left  emd  right 

fuselage  station. 

(b)  Accelerometer  number,  tape  and 

(c)  Time  in  seconds  after  impact. 

(d)  Data  not  available. 


.045 

.0 


butt  line,  respectively. 


.025 

.022/.  055 

.054 

.052 

.056 

.06- 


F.S.  denotes 


channel  number,  respectively. 
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TABLE  3-10.  CRASH  TEST  2 OCCUPANT  PELVIS  PEAK  ACCELERATIONS  AND  PULSE  DURATIONS 


c 

0 

tS 

•H 

bO 

■p 

> 

< 

C 

• 

O 

bD 

•H 

■P 

bD 

cd 

> 

< 

a 

a 

0 

bO 

bD 

■P 

a; 

bD 

•H 

E-* 

cd 

0) 

P 

CIh 

cd 

Cl 

0 

bD 

•H 

bD 

P 

V) 

(d 

> 

fH 

0^ 

oo 

Oh 

1 

P 

< 

A 

O 

CM 

rH 

1 

•H 

< 

O. 

c 

o 

bO 

•H 

p 

00 

cd 

> 

< 

a; 

a 

•H 

X 

Eh 

cd 

d) 

P 

(U 

Cd 

c 

0 

bO 

•H 

P 

Cd 

> 

< 

d) 

00 

E 

■s 

Eh 

0) 

P 

(U 

Cd 

a 

o 

bD 

•H 

P 

00 

Cd 

s» 

< 

00 

E 

•H 

Eh 

cd 

0) 

P 

pb 

cd 

c 

o 

bO 

p 

W 

cd 

> 

< 

d) 

bO 

E 

•H 

■s 

EH 

a; 

p 

Cb 

cd 

tn 

•H 

> 

Cd 

rH  ' 

0) 

Pb 

0\ 

P 

1 

O 

•a; 

iP 

pb 

1 

o 

o 

o o 

ir\  lA 


lA  O 

o m cu 

o o o 


o o 

O lA 

cn 


and  channel  numbers  for  vertical  and  longitudinal  responses,  respective 
and  durations  are  in  seconds. 


TABLE  3-11.  CRASH  TEST  2 OCCUPANT  HEAD  PEAK  ACCELERATIONS  AND  DURATIONS 


(a)  Tape  and  channel  numbers  for  vertical  and  longitudinal  responses,  respectively. 
Times  and  durations  are  in  seconds. 


dummies  during  Test  2 were  not  sufficiently  severe  to  cause  serious  injury. 
Based  on  the  minor  damage  sustained  by  the  airplane  during  Test  2,  the 
lack  of  occupant  injury  is  realistic. 


Typical  data  histories  from  Test  2,  including  filtered  accelerations 
and  restraint  system  loads,  are  presented  in  Appendix  C. 

3.3  CRASH  TEST  3 

3.3.1  Impact  Conditions 

The  impact  conditions  for  Test  3 as  obtained  from  film  analysis  and 
a review  of  photographs  are: 


Velocities  (mph) 

along  flight  path 

longitudinal 

vertipal 

Angles  (degrees) 
flight  path  (V ) 
impact  (0) 
attack  (n) 
roll  (4>) 
yaw  (>]j) 


58.1  mph 
!+7. 6 mph 

33.2  mph 

-3>+.86 

-39. 

18.75 

-7.9 


Rotational  Velocities  (degrees  per  second) 
pitch  (0)  1^.3 

roll  (<t>)  negligible 

yaw  (vjj)  negligible 

The  nomenclature  and  definition  of  positive  directions  are  the  same 
as  noted  in  Section  3.1.1 

3.3.2  Crash  Impact  Sequence 

The  crash  sequence  for  Test  3 is  shown  in  Figure  3-21  at  impact  and 
every  50  milliseconds  thereafter  (up  to  250  milliseconds).  Analysis  of 
the  high  speed  film  provides  the  sequence  of  events  following  impact  given 
in  Table  3-12. 
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TABLE  3-12.  CRASH  TEST  3 SEQUENCE  OF  EVENTS 


Event 

Time  in  Seconds 

After  InitieLL  Impact 

Nose  Gear  Tire  Impact 

0 

Nose  Gear  Support  Failure 

.012 

Engine  Lower  Structure  Impact 

.021+ 

Propeller  Impact 

.032 

Right  Wing  Impact 

.038 

Lower  Firewall  and  Forward  Fuselage  Impact 

.01+8 

Right  Main  Gear  Tire  Impact 

.062 

Tail  Cone  Failure 

.075 

Left  Wing  Strut  Column  Failure 

.085 

Copilot  Seat  Aft  Leg  Departs  Rail 

.090 

Pilot  Head  Impact  with  Instiniment  Panel 

.092 

Copilot  Head  Impact  with  Instrument  Panel 

.121 

Left  Main  Gear  Tire  Impact 

.135 

Peak  Right  Main  Gear  Deflection 

.150 

Left  Wing  Rear  Spar  Failure 

.160 

" 1 

o 

cr> 

CVJ 

• 

43 

CQ 

II 

a» 

3.3.3  Structural  Damage 

A review  of  the  post-test  condition  of  the  airplane,  the  high  speed 
films  and  the  post-test  photographs  showed  that  the  airplane  sustained 
substantial  forward  fuselage  damage,  loss  of  nose  geax,  failure  of  engine 
moiints,  extensive  cabin  damage,  extensive  deformation  of  the  floor  near 
the  occupant's  legs  (F.S.  2?)  and  at  the  landing  gear  bulkhead  (F.S.  6o), 
sheared  right  front  leg  of  pilot's  seat,  column  failure  of  the  left  wing 
strut,  tension  failure  of  the  left  wing  rear  spar,  buckled  tailcone  and 
failure  of  the  right  main  landing  gear  inboard  bolt.  Table  3-13  presents 
a summary  of  the  Test  3 damage. 

Figtires  3-22  through  3-35  depict  the  post-crash  test  condition  of  the 
airplane  used  in  Test  3.  Figures  3-22,  3-23  and  3-2*+  illustrate  the  front, 
left  and  right  side  views,  respectively,  of  the  airplane.  Figiires  3-25, 
3-26  and  3-27  show  the  damage  in  the  main  landing  gear  region.  Figures 
3-28  and  3-29  depict  the  condition  of  the  copilot's  and  pilot's  seats  and 
restraint  systems,  respectively.  The  buckled  floor  at  the  front  seat  leg 
can  be  seen  in  Figure  3-28.  Figure  3-29  shows  the  extent  of  the  damage 
to  the  left  front  door  and  upper  cabin  structure.  Figures  3-30  and  3-31 
display  the  engine  and  forward  fuselage  damage.  Although  the  engine  mounts 
were  buckled  sufficient  residual  strength  remained  such  that  the  engine  did 
not  separate  from  the  airplane.  The  fluid  on  the  ground  in  Figure  3-31  is 
residual  oil  that  leaked  from  the  engine.  No  fuel  spillage  or  tank  rupture 
was  experienced  in  the  test.  The  copilot  and  pilot  seats  were  removed  from 
the  airplane  in  Figiires  3-32  and  3-33,  respectively.  The  sheared  right 
front  pilot  seat  leg  is  shown  in  Figure  3-33.  The  aft  seat  legs  were 
pulled  loose  from  the  track  during  the  test  (see  Figure  3-28).  Figure  3-3*+ 
shows  damage  to  the  instrument  panel  and  rudder  pedal  region  of  the  forward 
cabin  (the  pilot  has  been  removed).  The  rear  left  spar  attachment  failure 
is  shown  in  Figure  3-35. 

3.3.*+  Response  Data 

A summary  of  Test  3 responses  is  given  in  Tables  3-1*+,  3-15,  and  3-l6 
for  the  peak  airplane,  occupant  pelvis  and  occupant  head  accelerations, 

3-32 


4 


TABLE  3-13.  CRASH  TEST  3 DAMAGE  SUMMARY 


TABLE  3-lU.  SUMMARY  OF  CRASH  TEST  3 PEAK  AIRPLANE  ACCELERATIONS 


100 

iz . Data 

30c 

Hz.  Data 

Location 

Direction 

Peak  g 

Time 

Peak  g 

Time 

Engine 

VECl,  C-1 

Down 

Up 

20 

80 

.01*6,.  067 
.01*1 

1*0 

112 

.01*6 

.01*1 

BL 

0.0 

Fwd 

1*0 

.01*  5-.  060 

120 

.0U8 

HEB2,  C-2 

Aft 

200 

.01*0 

260 

.01*0 

LEB3,  C-3 

Right 

1*5 

.01*0 

70 

.01*1 

Left 

16 

.052 

35/38 

.01*6/. 053 

Firewall  Lur . 

Down 

60 

.032 

200 

.031*,  .01*5 

VFCl,  A-11 

Up 

100 

.062,  .113 

200 

.025,.  01*8,.  062 

LBL 

II4. 

Fwd 

125 

.118 

200 

.030-.  01*0 

HFC2,  A-12 

Aft 

200 

.110 

620 

.072 

Cabin 
FS  27 

Floor  Fwd. 

VCC3,  A-13 

Down 

Up 

'•5 

76 

.112 

.088 

65 

100 

.051 

.090 

RBL 

13.5 

Fwd 

120 

.105 

180 

.105 

HCCh,  B-1 

Aft 

110/160 

.097 /.111 

1*00 

.111 

LCC5,  B-2 

Right 

Left 

33/20 

10 

.088/, 098 
.093,. 103 

100 

65 

.097 

.095 

Cabin 
FS  lil» 

Floor  Mid, 

VCC6,  B-3 

Down 

10/20 

.028/. 110 

55 

.102 

Up 

20/30/31* 

.081*/. 108/. 107 

60 

.087,  .103, .110 

RBL 

8.0 

Fwd 

16/12 

.03/. 100 

20/30 

.028,  .101* 

HCC7,  B-U 

Aft 

22/35 

.051*/. 015 

71* 

.086 

LCC8,  B-5 

Right 

17/26 

.098,  .103/.  11*2 

50 

.086 

Left 

10/11/15 

.095/. 108/. 117 

31/1*1* 

.051*/. 117 

Aft  Cabin  Floor, 

FS  90 

VCB9,  C-9 

Down 

Up 

12/15 

lit 

.075/. 038/. 12 
.060, .07, .08 

38 

35 

.087 

.085 

LBL 

8.0 

Fwd 

30 

.01*7, .058 

1*0 

.028,.o1*9,.05T 

HCBIO,  C-10 

Aft 

1*6/52 

.062/. 053 

1*5 

.052,. 062,. 092 

LCBll,  C-11 

Right 

Left 

25 

10 

.078 

.059 

60 

60/30 

.085 

.062/. 058 

(a)  LBL,  RBL  denote  left  and  right  butt  line,  respectively.  F.S.  denotes  fuselage  Station. 

(b)  Accelerometer  number.  Tape  and  channel  number,  respectively. 

(c)  Time  in  seconds  after  impact. 


TABLE  3-lU.  CCont. ) 


100 

Hz . Data 

300 

Hz.  Data 

T *• 

Location 

Direction 

Peak  g 

Time 

Peak  g 

Time 

Top  Cabin,  FS  65 

VCBlL , D-1 

Down 

Up 

5/10  1 

90 

.035.. 01*5/. 125 
.081* 

230 

.11*2 

RBL 

15 

Fwd 

50 

.085 

60 

.083 

HCB15,  V-2 

Aft 

10 

.01*3, .055 

20 

.083 

Cabin  Floor  FS  108 

VCB7,  C-7 

Down 

2l*/56 

.058/. 090 

120 

.088 

Up 

36/56 

.051*/. 086 

160 

.086 

LBL 

HCB8,  C-8 

Fwd 

Aft 

15-20 

31* 

.05, .06,  .09 
.062,. 085 

70 

120 

.082 

.081* 

Landing  Gear  Floor 
Region.  FS  60 

1 

1 

Down 

8/11 

.028/. 112 

30 

.087 

VCC9>  B-o 

Up 

8/12/18 

.102/. 108/. 117 

1*0 

.065 

LBL 

lU 

Fwd 

15/16 

.030/. 113 

36 

.081* 

HCCIO,  B-7 

Aft 

23/28/30 

.051*/. 096,  .086 

76 

.086 

LCCll,  B-8 

Right 

llt/19 

.086/. 078 

36 

.079 

Left 

1* 

.095,. 087 

20 

.082 

VCC12,  B-9 

Down 

50 

.087 

80 

.085 

Up 

22/21* 

.077/. 087 

50 

.079,. 087 

RBL 

ll* 

Fwd 

12 

.10 

61*  ' 

.083 

HCC13,  B-10 

Aft 

36/38 

.107/. 132 

105 

.081* 

LCCll*,  B-11 

Right 

Left 

20/15 

6/10 

.078,. 100/. 112 

.105/.ll<0 

66 

38 

.098 

.117 

Uing 

VWB16,  D-3 

Down 

Up 

30 

30 

.118 

.085 

120 

120 

.111* 

.112 

RBL 

98 

Fwd 

10/11* 

.077/. 105 

80 

.110 

HWB17,  D-1* 

Aft 

15 

.075 

80 

.108 

LWB18,  D-5 

Right 

Left 

6 

7 

.01*1* 

.116 

30 

30 

.076 

.077 

VWB19,  D-6 

Down 

20/1*0 

.033 

100 

.113 

1 Up 

20 

.06.. 103 

90/80 

.085/. 121 

(a)  LBL,  RBL  denote  left  and  right  butt  line,  respectively.  F.S.  denote  fuselage  Station. 

(b)  Accelerometer  number.  Tape  and  channel  number,  respectively. 

(c)  Time  in  seconds  after  impact. 


100  Hz.  Data 

300  Hz.  Data 

(a) 

Location 

Direction 

Peak  g 

Time 

Peak  g 

Time 

LBL 

98 

HVfB20,  D-7 

Fwd 

Aft 

12 

10 

.10,. 113 
.095 

UO 

60 

.087,. 097 

.125 

Tail 

Mass 

VTBl*,  C-1* 

Down 

Up 

10 

10 

.03-.1I4 

.03-. Oh 

- 

: 

BL 

0.0 

HTB5,  C-5 

Fwd 

Aft 

120 

10 

.150 

.130 

LTB6,  C-6 

Right 

Left 

20 

16 

.OUlt 

.036 

20 

36 

.01*5 

.035 

Top 

Cabin  FS  3^ 

VCB12,  C-12 

Down 

Up 

108 

36 

.099 

.080 

200 

70 

.108 

.062 

RBL 

21 

HCB13,  C-13 

Fwd 

Aft 

80 

ll*/10 

.098 

.051*/.  066 

ll*0 

20 

.108 

.055, .065 

(a)  LBL,  RBL  denote  left  and  right  butt  line,  respectively.  F.S.  denotes  fuselage  Station. 

(b)  Accelerometer  number.  Tape  and  channel  number,  respectively. 

(c)  Time  in  seconds  after  impact. 


TABLE  3-15.  CRASH  TEST  3 OCCUPANT  PELVIS  PEAK  ACCELERATIONS  AND  PULSE  DURATIONS 


EST  3 OCCUPANT  HEAD  PEAK  ACCELERATIONS  AND  PULSE  DURATIONS 
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Figxire  3-24.  Crash  Test  3,  Post-Test  Damage,  Right 
Side  View 


Figwe  3-25.  Crash  Test  3,  Post-Test  Damage,  Right  Main 
Landing  Gear  and  Right  Door  Distortion 


Figure  3“27»  Crash  Test  3j  Post-Test  Damage,  Main  Landing 
Gear  Bulkhead  Deformation 
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Figure  3-30,  Crash  Test  3,  Post-Test  Deimage,  Engine  and 
Forward  Fuselage 

I ’’ 


Figure  3-31.  Crash  Test  3|  Post-Test  Damage,  Engine  and 
Forward  Fuselage  Side  View 
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Figure  3-34.  Crash  Test  3,  Post-Test  Damage,  Instrument 
Panel  and  Rudder  Pedal  Region 
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AFT  SPAR 

attachment 

FAILURE 


Figure  3-35.  Crash  Test  3,  Post-Test  Damage,  Left  Wing 
Failure 


respectively.  Table  3-1^  presents  100  Hz.  and  300  Hz.  filtered  data  showing 
airplane  peak  load,  direction  and  time  of  occurrence.  Table  3-15  contains 
occupant  pelvis  peak  accelerations  and  durations  oriented  normal  to  and 
along  the  occupant's  backbone  for  750  Hz.,  300  Hz  and  100  Hz  frequencies. 
Similarly,  Table  3-l6  presents  occupant  head  peak  accelerations. 

A comparison  of  Table  3-15  and  Table  3-6  data  indicates  that  the  crash 
could  have  resulted  in  serious  injury  to  the  pilot  from  up  loads.  The 
acceleration  trace  for  the  copilot's  pelvic  region  was  lost  during  the  test. 
The  pilot's  lateral  acceleration  in  the  left  direction  appears  high  compared 
to  the  other  lateral  accelerations  measured  at  the  pelvis  of  the  pilot  and 
copilot.  The  pilot's  head  acceleration  in  the  right  direction  also  appears 
high.  However,  a review  of  the  recorded  data  sensitivity  levels  and  cali- 
bration does  not  reveal  any  inconsistency  in  the  Instrumentation.  Unlike 
the  fore  aft  and  vertical  directions  there  are  no  Eiband  curves  for  lateral 
responses  in  the  pelvic  region  by  which  to  evaluate  the  severity  of  injury. 
However,  for  the  lateral  'g'  levels  shown  in  Table  3-15,  injury  to  the 
occupant  is  likely  to  have  occurred. 

Peak  response  in  excess  of  100  g's  was  experienced  by  the  pilot's  head 
in  the  foirward  direction.  From  the  data  in  the  SAE  Handbook  (Reference  U) 
serious  skull  damage  most  likely  could  have  occurred  if  the  cause  of  the 
accelerations  was  from  impact.  The  high  speed  films  indicate  that  the 
pilot's  head  contacted  the  instrument  panel  or  corner  of  the  door  post 
during  the  test.  The  only  operative  trace  for  the  copilot  head  accelera- 
tion shows  50  g's  or  less  in  the  lateral  direction.  Film  analysis 


indicates  that  the  copilot's  i ..  Iso  impacted  structure  dxiring  the  test. 
Analysis  to  determine  severity  index  values  associated  with  head  impacts 
for  Test  3 is  given  in  Table  3-17.  These  severity  index  values  were 
obtained  following  the  procedures  set  forth  in  Section  2.8  entitled  DATA 
REDUCTION.  The  data  in  Reference  (U)  shows  that  a severity  index  of  1000 
is  the  threshold  of  danger  to  life  for  internal  head  injury  in  fronted, 
blows.  The  severity  index  value  corresponding  to  the  pilot  head  impact 
in  the  longitudinal  direction  is  substantially  greater  than  the  threshold 
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TABLE  3-17.  CRASH  TEST  3 SEVERITY  INDEX  RESULTS 


Ac  c el  er  omet  er 
No. 

Accelerometer 

Location 

, 

Direction  of 

Response 

Severity  Index 

750  Hz 

Unfiltered  Data 

VPAU 

Pilot  Head 

Vertical  (parallel 
to  backbone) 

136 

HPA5 

Pilot  Head 

Longitudinal 

(normal  to  backbone) 

1785 

LPA6 

Pilot  Head 

Lateral  (normal  to 
backbone ) 

1*82 

LCC16 

Copilot  Head 

Lateral  (normal  to 
backbone ) 

2337 

1 

Copilot  head  vertical  and  longitudinal  traces  were 
xinavailable  for  analysis 

value  of  1000.  Thus  a serious  or  fatal  injury  to  the  pilot  can  be  expected. 
The  severity  index  value  for  the  copilot  head  impact  in  the  lateral 
direction  is  also  well  above  the  threshold  value.  However,  the  criteria 
for  side  blows  are  not  explicitly  stated. 

In  addition  to  head  and  pelvic  responses,  consideration  must  also  be 
given  to  the  fact  that  the  lower  cabin  region  aft  of  the  firewall  was 
greatly  compressed  during  the  test.  This  could  lead  to  severe  leg  injury. 
Typical  data  histories  from  Test  3,  including  filtered  accelerations  and 
restraint  system  loads,  are  presented  in  Appendix  C. 

3.1+  CRASH  TEST  U 


The  impact  conditions  for  crash  test  U as  obtained  from  high  speed 
film  analysis  and  a review  of  photographs  are; 

*For  Crash  Test  1;  the  airplane  impacted  onto  a soil  terrain.  All  other 
tests  were  performed  on  a concrete  surface. 
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Velocities  (mph) 

along  flight  path 
longitudinal 
vertical 

Angles  (degrees) 
flight  path  (v) 
impact  (6) 
attack  (o) 
roll  (4>) 
yaw  (4j) 

Rotational  Velocities  (degrees  per  second) 
pitch  (0)  18.2 

roll  (4>)  negligible 

yaw  (4')  negligible 

The  nomenclature  and  definition  of  positive  directions  are  the  same  as  noted 
in  Section  3.1.1. 

3. *+.2  Crash  Impact  Sequence 

The  crash  sequence  for  Test  ^ is  shown  in  Figures  3-36  through  3-39 
at  impact  and  every  50  milliseconds  thereafter  (up  to  1.15  seconds).  Analysis 
of  the  high  speed  film  provides  the  sequence  of  events  following  impact  given 
in  Table  3-18. 

3.^.3  Structural  Damage 

A review  of  the  post-test  condition  of  the  airplane,  the  high  speed 
films  and  the  post-test  photographs  showed  that  the  airplane  sustained 
complete  crushing  of  the  forward  fuselage  as  far  back  as  the  occupant's 
cabin  region,  loss  of  nose  gear,  failure  of  engine  mounts  to  the  extent 
that  the  engine  separated  from  the  airframe,  extensive  defonnation  of  the 
cabin  geometry  and  the  floor  near  the  occupant  leg  positions  (F.S.  27), 
cnishing  of  the  aft  cabin  region,  tension  failure  of  the  left  wing  rear 
spar,  a severely  buckled  tail  cone,  and  a mangled  instrxmient  panel.  The 
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Figure  3-36.  Crash  Test  4,  Iii5)act  Sequence,  Time  = 0.0  to  .250  Seconds 


Figure  3“37.  Crash  Test  k.  Impact  Sequence,  Ti^ie  = .300  to  .550  Seconds 
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Figure  3-38.  Crash  Test  4,  Iii5)act  Seq-uence,  Time  = .600  to  .850  Seconds 


isaj.  1 

eY«*  1 

1 

1 ci 

H t| 

||W'«r  1 

m 

PB>'n*  I 

iS 

j 

in 

1 

mv  \ 

' f ■ 

.'v' 

n’fcH  - 1 

V . 

% 

X 

i'i 

I % 

i M 

' T 

Q * J 

1 

m3 

Ml 

L 

rl-l 

w 

t3 

c 

mm 

■ 

1 

% 

o 

o 

a; 

___ 

__ 

f 

‘mM'rn 

i 

1*1 
1 jy 

1 «fi 

tnj^  j 

J 

^Ss  ] 

njuflA  « 1 

^joU  1 

1 id 

Hp'i  1 

J 

t I 

'*  1 

j 

iJH 

ir  Wl 

1.05  seconds  Time  = 1.10  seconds  Time  = 1.15  seconds 

Figure  3-39.  Crash  Test  4,  In5)act  Sequence,  Time  = .900  to  1.15  Seconds 


TABLE  3-18.  CRASH  TEST  k SEQUENCE  OF  EVENTS 


Event 

Time  in  Seconds 

After  Initial  Impact 

Nose  Gear  Tire  Impact 

0 

Nose  Gear  Support  Failure 

C\J 

0 

Engine  Lower  Structure  Impact 

.030 

Engine  Spinner  Impact 

.031+ 

Engine  Spinner  completely  under  the  soil 

.052 

Tail  Cone  Buckles 

.076 

Engine  Buried  under  the  soil 

.078 

Pilot  Impacts  Control  Wheel 

.078 

Left  Main  Gear  Tire  Impact 

.088 

Occupant  Contacts  Instrument  Panel 

.096 

Left  Main  Gear  Tire  Leaves  Ground 

.llU 

Engine  Shoved  Back  Into  Forward 

Fuselage  (F.S.  27) 

.138 

Left  Wing  Rear  Spar  Failure 

.250 

1 ^ 

j 

i 

( 
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pilot  and  copilot  front  seat  rails  pulled  away  from  the  floor  during  the 
crash.  The  rear  seat  legs  and  rails  were  intact  after  the  crash.  The 


copilot  seat  belt  attachment  pulled  away  from  the  floor.  Otherwise,  the  ■ 

occupant  seat  and  restraint  systems  remained  intact  throughout  the  crash.  ) 

! 

The  damage  to  the  cabin  floor  near  the  main  landing  gear  was  minor. 

In  Tests  1 and  3 this  region  experienced  extensive  and  moderate  damage, 
respectively.  Table  3-19  presents  a summary  of  the  Test  damage. 

Figures  3-^0  through  3-53  depict  the  post-test  condition  of  the 
airplane  used  in  Test  U.  Figures  3-^0,  3-i*l  and  3-h2  illustrate  the 
damage  to  the  airplane  from  the  left  side,  right  side  and  right  rear 
quarter,  respectively.  Figure  3-^3  shows  the  cabin  top  damage  (airplane 
hoisted  after  the  test).  The  separation  of  the  left  wing  at  the  rear  spar 
attachment  can  be  seen.  Figures  3-^^4,  3-^5,  3-^6  and  3-^+T  show  the  engine 
mounts,  firewall  and  forward  fuselage  damage.  Shortly  after  impact  the 
engine  dug  into  the  soil,  developing  high  forces  in  the  drag  direction. 

Because  the  engine  dug  into  the  soil,  the  airplane  was  prevented  from 
sliding  and  as  a result  overturned.  The  engine  mounts  failed  and  the 
engine  block  separated  from  the  airframe.  The  engine  came  to  rest  about 
five  feet  from  the  remainder  of  the  airplane  at  the  end  of  the  test. 

Figures  3-Uk,  3-^5,  3-^6,  3-^7  depict  the  damage  to  the  firewall,  engine 
raoxint  and  forward  fuselage.  The  forward  fuselage  was  completely  demolished. 

The  firewall  was  crushed  back  to  the  front  door  posts  a distance  of  approxi- 
mately 27  inches.  The  wings  and  wing  struts  are  intact  with  the  exception 
of  the  left  wing  rear  spar  failure.  There  was  no  fuel  tank  rupture  or  fuel 
spillage  encountered  as  a result  of  the  impact  or  post-impact  behavior  of 
the  airframe.  Figures  3-^8  and  3-^49  show  the  copilot's  side  of  the  cabin 
with  and  without  occupants,  respectively.  Because  of  the  crushing  of  the 
forward  fuselage,  the  instrximent  panel  and  floor  were  extensively  damaged. 

The  position  of  the  dummy  and  the  compression  of  the  forward  part  of  cabin 
surrounding  the  occupant  indicates  that  an  occupant  woxild  have  little 
chance  of  survival.  Figures  3-50  and  3-51  show  the  pilot's  side  of  the 
cabin.  The  damage  is  similar  to  the  copilot's  side  of  the  cabin  and  it  is 
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Figure  3-40.  Crash  Test  4,  Post-Test  Damage,  Left  Side  View 


Figure  3“41.  Crash  Test  4,  Post-Test  Damage,  Right  Side  View 
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Figure  3-^2.  Crash  Test  k,  Post-Test  Damage,  Rear  Quarter  View 
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Figure  S-'+S.  Crash  Test  4,  Post-Test  Damage,  Cabin  Top  View 
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Figure  3-44.  Crash  Test  4,  Post-Test  Damage,  Left  Front  View 


Figure  3-45.  Crash  Test  4.  Post-Test  Damage,  Right  Front  View 


Figure  3-^6.  Crash  Test  4,  Post-Test  Figure  3-47*  Crash  Test  U,  Post-Test  Damage 

Damage,  Right  Front,  Firewall  Engine  Mounts 


Cabin  Left  Side,  Occupants  Cabin  Left  Side,  Occupants 

Removed  In  Place 


anticipated  that  a pilot  would  have  little  chance  for  surviveil.  Figiires 
3-52  and  3-53  are  close-ups  of  the  pilot's  lower  extremities  and  torso, 
respectively. 


The  results  obtained  from  Test  U data  reduction  are  presented  in 
Tables  3-20,  3-21  and  3-22.  Table  3-20  is  a svimmary  of  peak  airplane 
accelerations  and  time  of  occurrence  of  the  accelerations  using  the  100 
Hz.  and  300  Hz.  filtered  data.  Table  3-21  presents  the  peak  accelerations, 
the  time  of  occxirrence  and  duration  experienced  in  the  region  of  the 
occupant's  pelvis  during  Test  it.  The  tolerable  responses  in  the  region 
of  the  occupant ' s pelvis  were  given  previously  in  Table  3-6  and  indicates, 
when  compared  with  the  data  in  Table  3-21,  that  serious  injury  to  the 
occupants  in  both  the  up  and  down  directions  most  likely  would  be 
encoiintered. 

Table  3-22  shows  that  peak  head  accelerations  of  250  g's  were 
experienced  by  the  dummy  representing  the  pilot  in  the  down  and  aft 
directions.  These  responses  appear  to  be  the  result  of  impact  with  the 
instrument  panel.  Film  analysis  indicates  that  pilot  contact  with  the 
instrument  panel  occurred  at  around  100-milliseconds  after  crash  impact. 

The  copilot  also  experienced  100  g head  accelerations  in  the  down  and  aft 
directions  at  about  100-milliseconds  after  impact.  From  Reference  h, 
impacts  with  objects  which  result  in  peak  head  accelerations  of  100  g's 
or  mere  can  produce  serious  skull  damage. 

The  results  of  analysis  to  determine  severity  index  values  associated 
with  head  impacts  are  given  in  Table  3-23.  The  recorded  unfiltered  data 
is  normally  used  to  obtain  severity  index  values.  However,  for  comparative 
purposes  severity  index  values  for  the  300  Hz  and  100  Hz  filtered  data  are 
also  presented.  As  expected, the  unfiltered  recorded  data  yields  higher 
values  than  the  filtered  data.  The  severity  index  value  for  the  pilot's 
head  impact  in  the  longitudineil  direction  (normal  to  the  backbone)  is 
substantially  higher  than  the  threshold  value.  Thus  the  pilot  in  this 
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Jj'igure  3-52.  Crash  Test  4,  Post-Test  Damage,  Figure  3-53.  Crash  Test  4,  Post-Test  Damage 
Pilot  Legs  and  Feet  Pilot  Torso 


100  Hz.  Data 


300  Hz.  Data 


(a) 

Location 

Direction 

Peak  g 

Time 

Peak  g 

Time 

f h ^ 

Up 

ItO 

.050 

lt8 

.055 

VECl , C-1 

Down  , 

20 

.077 

30/lt6 

065/. 165 

BL 

HEB2,  C-2 

Fwd 

36/65 

.090/. 168 

liO 

.090 

Aft 

90/115 

.050/. 155 

100/300 

.050/. 155 

Firewall  Lwr. 

(d) 

100-125,750 

VFC3,  A-13 

Up 

80 

.11 

.03O-.090/.II.5 

Down 

” 

125-200,750 

.C30-.090,.113/ 

.110 

LBL 

lit. 

Fwd 

120/80o!5!| 

100/1200'“' 

.05/. 095 

(d) 

.055/. 080 

Aft 

.025/. 090 

- 

.068/. 086 

Cabin  Floor  Pwd.  FS  27 

VCC5,  J3-1 

30/3't 

32 

.070/. 100 
.07-^ 

112 

135 

.078 

.08 

LBL 

HCC6,  B-3 

Fwd 

Aft 

60 

100 

75/750^“’ 

125 

.08C 

.075 

dO 

72 

.077 

.080 

BL 

Up 

Down 

.070/. OS' 
.075 

- ■|50|“( 
5C7500  “ 

.077/. 080 
.075 

0.0 

uppA  n-*:; 

Fwd 

?‘SO/50o!“| 

2li0/l000'“' 

.070/. 093 

160^‘^> 

.060/. 075 

Aft 

.076/. 08 3 

.065/. 075 

VCC9,  B-6 

Up 

ltlt/60/95 

.085/. 125/. 150 

175 

.15 

Down 

32/31 

.065/. 078 

liO 

.067 

RBL 

HCCIO,  B-7 

Pwd 

Aft 

100 

25 

.077 

.072 

180 

220 

.080 

.078 

Cabin  Floor  Mid,  FS  lilt 

VCB17,  D-lt 

Up 

Down 

16/120 

108 

.11/. 21 
.08 

120 

200 

.108 

.08 

LBL 

HCB18,  D-5 

Fwd 

Aft 

106 

30 

.08 

.06 

270 

50 

.102 

.08 

Aft  Cabin  Floor,  FS  90 

VCB7,  C-7 

Up 

28/30 

.060/. 120 

60 

.097 

28 

.065 

110 

.118 

LBL 

HCB8,  C-8 

Fwd 

7lt 

.0lt5 

(d) 

(d) 

Aft 

70/68 

.050/. 12 

(d) 

(d) 

(a)  LBL,  RBL  denote  left  and  right  butt  line,  respectively.  F.G.  denotes  fuselage  station. 

(b)  Accelerometer  number,  tare  and  channel  number,  respectively. 

(c)  Time  in  seconds  after  impact. 

(d)  Questionable  data. 


100  Hz.  Data 


300  Hz . Data 




, ..  (a) 

Location 

Direction 

Peak  g 

Time 

Peeik  g 

Time 

Top  Cabin,  FS  65 

VCB11,-C-11 

Up 

Down 

ITO 

60 

.15 

.165 

ItOO 

100 

.15 

.1T5 

RBL 

HCB12,  C-12 

Fwd 

Aft 

TO 

112 

.21 

.15T 

no 

260 

.IT 

.168 

Cabin  Floor,  FS  108 

VCB5,  C-5 

Up 

35 

.060/. 105 

60 

.105 

Down 

30 

.055/. 105 

5‘t 

.125 

LBL 

HCB6  , C-6 

Fwd 

Aft 

5U 

Tit 

.065 

.010 

55 

85 

.0T5 

.060 

Landing  Gear,  FS  60 

VCCll,  B-8 

Up 

20/2ii 

.105/. 118 

36 

.115 

Down 

12/10 

.06/. 130 

lT/20 

.03,  .06, .11, .19 

LBL 

HCC12,  B-9 

Fwd 

Aft 

8 

80 

.050 

.105 

16/18 

9it 

.0TT/.120 

.105 

VCC13,  B-10 

Up 

Down 

28 

T 

.115 

.100 

88 

itO 

.102 

.105 

B.L. 

HCClU,  B-11 

lit /TO 

T5 

.05/. 22 
.100 

itO/TO 
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.120/. 22 
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VCC15,  B-12 

55 

10 

.110 

.098 

88 

22 

.102 

.100, .105 

RBL 

HCC16,  B-13 

26 

56 

.110 
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50 
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.120 

.100 

Wing 

VWB13,  C-13 

Up 

Down 

30 

20 

.105 

.085 

65 

92 

.105 

.08T 

RBL 

HWBll» , D-1 

Fwd 

Aft 

16 

liO 

.19 

.11 

50 

lt6 

.08T 

.09 

m '^"5,  D-2 

Up 

26 

.11 

Uk 

.11 

Down 

28 

.09 

Tit 

.09 

98 

(a)  LBL,  RBL  denote  left  and  right  butt  line,  respectively.  F.S.  denotes 

(b)  Accelerometer  number,  tape  and  channel  number,  respectively. 

fuselage  station. 

(c)  Time  in  seconds  after  impact. 

(d)  Questionable  data. 

TABLE  3-20.  (Cont.) 


■ 

100  Hz.  Data 

T f 

Location 

Direction 

Peak  g 

Time 

Tail 

Mass 

BL 

O.C 

VTB3,  C-3 

Up 

Down 

12 

T 

Top 

Cabin  FS  32 

RBL 

21 

VCB9,  C-9 

HCBIO,  C-10 

Up 

Down 

Fwd 

Aft 



20/Uo 

56 

85 

95 

.15/. 2 
.100 

.135 

.210 

(a)  LBL,  RBL  denote  left  and  right  butt  line,  respectively.  F.S 

(b)  Accelerometer  number,  tape  and  channel  number,  respectl vely . 

(c)  Time  in  seconds  after  impact. 

(d)  Questionable  data. 


TABLE  3-21.  CRASH  TEST  k OCCUPANT  PELVIS  PEAK  ACCELERATIONS  AND  PULSE  DURATIONS 
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TABLE  3-23.  CRASH  TEST  1+  SEVERITY  INDEX  RESULTS 


Accelerometer 

No. 

Accelerometer 

Location 

Direction 
of  Response 

Severity  Index 

750  Hz 
Raw 
Data 

300  Hz 
Filtered 
Data 

100  Hz 
Filtered 
Data 

VPA3 

Pilot  Head 

Vertical 

1055 

81U 

5^+3 

hpaU 

Pilot  Head 

Longitudinal 

I4O56 

3976 

3691 

VCA7 

Copilot  Head 

Vertical 

1368 

1016 

9i*5 

HCA8 

Copilot  Head 

Longitudinal 

373 

230 

207 

case  most  likely  would  have  sustained  a serious  or  fatal  head  injury. 
Conversely,  the  copilot's  severity  index  value  in  the  longitudinal  direction 
is  below  the  threshold  value.  The  high  speed  films  indicated  that  the 
copilot  moved  in  an  outboard  direction  during  the  crash  test.  This  may 
explain  the  low  frontal  impact  values.  Because  no  1;  1 accelerometers 

were  installed  on  the  dumiriies  representing  the  occup'  .-s  in  this  test,  the 
consequence  of  the  lateral  motion  can  not  be  determined  using  the  severity 
index  method.  Both  the  pilot  and  copilot  severity  index  values  for  vertical 
(parallel  to  the  backbone)  impact  are  above  1000.  However,  the  criteria  for 
this  type  of  impact  are  not  defined. 
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3.5  RESTRAINT  SYSTEM  LOADS 

In  Section  2.0  "Full  Scale  Crash  Test  Preparation"  the  dummies  were 
instrumented  with  lap  belt  and  shoulder  harness  load  cells  which  were  recorded 
on  dc  channels.  The  restraint  system  is  compatible  with  the  airplanes  that 
were  used  for  test  vehicles.  The  restraint  systems  did  not  include  inertia 
reels.  The  performance  of  the  lap  belt  and  shoulder  harness  attachments  to 
the  structure  are  noted  in  Tables  3-2,  3-8,  3-13,  3-19  and  Table  1-k.  The 
lap  belt  and  shoulder  harness  loads  are  summarized  below  in  Table  3-2k. 

TABLE  3-2li.  RESTRAINT  SYSTEM  LOADS,  CRASH  TESTS  1-1* 


Location 


Pilot  - Lap 
Pilot  - Shoulder 
Copilot  - Lap 
Copilot  - Shoulder 


(a)  All  loads  are  tension. 

(b)  Based  on  300  Hz  low-pass  filtered  data. 

(c)  Loads  are  in  pound  units. 

(d)  No  belt  loads  measured. 

(e)  Data  trace  lost. 


2 

3 

(d) 

1,350 

680 

1,0U0 

910 

1,200 

(e) 

800 

(e) 
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l*.l  GENERAL 

Program  KRASH,  described  in  Reference  1,  was  developed  for  the  purpose  of 
providing  a practical  engineering  analytical  approach  for  determining  the 
structural  response  of  vehicles  subjected  to  crash  loads.  The  essential  fea- 
tures of  the  program  are  as  follows; 

(a)  The  program  is  designed  to  provide  data  from  which  an  assessment  can 
be  made  of  the  occupant's  chances  of  survival  in  a crash  environment. 

(b)  The  formulation  takes  into  consideration  that  the  load-deflection 
behavior  (linear  and  nonlinear)  of  a structure  can  be  approximated 
using  good  engineering  Judgement  so  as  to  provide  responses  with  an 
accuracy  commensurate  with  the  intended  use  of  the  program. 

(c)  The  analysis  is  premised  on  the  fact  that  only  a portion  of  the  major 
structural  elements  (and  these  can  be  readily  identified)  need  be 
modeled  in  the  nonlinear  region, 

(d)  The  program  employs  stiffness  reduction  factors  (KR's)  which  provide 
a method  by  which  the  linear  stiffness  of  each  structural  element  can 
be  modified  to  treat  nonlinear  behavior. 

Program  KRASH's  formulation  is  consistent  with  the  amount  and  quality  of 
detailed  structural  data  that  is  available  during  preliminary  design  studies. 
Furthermore,  analyses  using  program  KRASH  during  preliminary  design  can  serve 
to: 

• ascei*taln  critical  structural  design  regions  wherein  eilteratlons  to 
the  response  will  be  most  beneficial  in  a crash  environment. 

• determine  the  extent  to  which  addltloned  energy  absorption  is  needed, 
and 
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• determine  the  structural  element  load-deflection  characteristics  and, 
consequently,  structural  design  and  size  requirements  that  are  needed 
to  meet  a specified  or  desired  crashworthiness  capability. 

k.2  TASK  II  REFINEMENTS 

Program  KRASH,  as  refined  during  Task  I (Reference  l),  meets  the  general 
aviation  airplane  industry  crash  analysis  requirements.  The  previous  changes 
to  KRASH  are  described  in  Reference  1 and  include: 

• Inclined  rigid  impact  surface  capability 

• Internal  computation  of  element  linear  stiffnesses 

• Member  directional  stresses 

• Internal  computation  of  nonlinear  curves 

• Provisions  for  modeling  earth  scooping  and  plowing 

• Input,  output  format  changes. 

As  a result  of  the  Task  II  effort,  reported  herein,  additional  refine- 
ments to  KRASH  have  been  made  to  provide  more  versatility  and  to  facilitate 
its  usage.  Some  of  the  refinements  are  briefly  described  ir  the  following 
subsections.  A detail  description  of  all  refinements  is  contained  in 
Reference  6. 

i:.2.1  Symmetrical  Model  Coding 

Program  KRASH  has  been  recoded  to  allow  the  input  of  model  data  for  only 
one-half  of  the  airplane  for  cases  in  which  both  the  airplane  is  symmetrical 
(normally  the  case)  and  the  impact  condition  is  symmetric  (no  lateral,  roll  or 
yaw  velocities  and  no  initial  roll  or  yaw  attitude).  Previously  KRASH  required 
input  data  for  the  full  airplane,  even  for  symmetrical  impact  conditions.  For 
the  symmetrical  impact  condition  the  program  uses  only  the  half  airplane  model. 
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Thus,  either  a more  detailed  model  can  be  used  as  compared  with  a complete 
model  within  the  limits  of  the  allowable  number  of  masses  and  beam  elements, 
or  the  same  modeling  detail  can  be  maintained  as  used  in  a con^lete  model  which 
will  reduce  computer  run  time  and  cost.  As  an  example,  for  the  single-engine 
hlgh-wlng  airplanes  modeled  during  Task  II,  the  symmetrical  half  airplane  model 
involved  in  a symmetrical  impact  can  achieve  the  same  modeling  detail  with 
30  masses  as  that  of  the  complete  airpleine  model  with  U8  masses.  The  half 
airplane  model  requires  more  than  half  the  masses  of  the  complete  airplane 
model  because  some  of  the  masses  are  on  the  airplane  plane  of  symmetry  and  are 
common  to  both  models.  In  the  above  example,  the  symmetrical  model  yields  a 
reduction  in  computer  run  time  of  38  percent  from  that  of  the  complete  airplane 
model  Involved  in  the  same  symmetrical  impact. 

The  basic  program  calculation  scheme  is  the  same  as  before,  with  the  addi- 
tion of  certain  boundary  conditions  if  the  symmetrical  model  option  is  exer- 
cised. The  masses  in  the  plane  of  symmetry  are  constrained  to  have  no  imsym- 
metrical  motions  (zero  lateral  displacement,  yaw  and  roll).  All  other  masses 
retain  the  full  6 degrees-of-freedom.  The  deflections  of  the  transverse  beams 
that  connect  a mass  on  the  left  side  of  the  vehicle  to  an  equed.  mass  on  the 
right  side,  are  calculated  by  assuming  that  the  right  side  mass  behaves  as  the 
mirror  image  of  the  left  side  mass,.  The  equations  of  motion  are  solved  only 
for  the  left  side  mass;  the  state  vector  for  the  right  side  mass  is  then  deduced 
from  the  left  side  results.  Note  that  these  "duminyr"  right  side  mass  calcula- 
tions are  required  only  for  those  masses  that  are  connected  directly  by  trans- 
verse beams  across  the  plane  of  symmetry. 

In  order  to  take  full  advantage  of  the  symmetrical  modeling  capabilities, 
a subroutine  called  GENMOD  has  been  added  to  KRASH  that  generates  a full  air- 
plane model  from  the  input  data  for  a half-airplane  model.  Therefore,  if  an 
analysis  is  made  of  an  unsymmetrical  impact  condition  (e.g.,  yawed  and  rolled 
airplane ) , only  the  half  airplane  model  data  set  need  be  input  and  the  program 
will  internally  compute  an  expanded  model  that  represents  the  coii5)lete  airplane. 
The  data  for  this  complete  airplane  model  is  printed  out,  and  the  program 
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analyzes  the  time  history  response  of  the  complete  airplane  model  to  the 
unsymmetrical  impact  condition. 
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The  significance  of  GENMOD  is  that  the  user  can  always  operate  with  the 
input  for  a half  airplane  model,  even  if  unsymmetrical  impact  conditions  are 
being  analyzed.  Thus,  when  model  changes  are  made,  only  half  of  the  data 
needs  to  be  revised.  Any  changes  made  to  the  half  airplane  model  are  auto- 
matically changed  on  both  sides  of  the  airplane  by  GENMOD. 

GENMOD  is  coded  on  the  assumption  that  the  airplane  itself  is  symmetrical. 
If  an  unsymmetrical  airplane  must  be  analyzed  (an  unusual  situation),  then  the 
program  user  must  input  data  for  a complete  airplane. 

it. 2. 2 Massless  Node  Capability 

KRASH  allows  the  user  to  define  node  points  which  are  massless.  These 
points  are  rig-idly  connected  to  mass  points.  With  this  capability  the  user 
can  attach  internal  beams  and  external  springs  at  points  other  than  the  c.g. 
of  each  lumped  mass.  This  feature  can  be  helpful  in  modeling  seats  and  an 
engine  on  its  mount. 

While  KRASH  has  the  capability  to  model  80  masses,  mass  locations  cannot 
be  arbitrarily  assigned,  particularly  in  regions  wherein  light  weight  struc- 
ture is  located.  Experience  in  modeling  light  fixed-wing  airplane  structure 
has  indicated  that  reasonable  care  must  be  taken  in  selecting  mass  locations 
such  that  element  response  frequencies  are  compatible  with  the  integration 
interval.  The  higher  the  element  frequency,  the  smaller  the  integration 
interval  (and  higher  the  cost  to  perform  an  analysis)  that  is  required  to 
maintain  a stable  system.  Two  areas  that  are  particularly  vulnerable  in  this 
regard  are: 

(1)  The  rigorous  modeling  of  a finite  mass  (engine)  which  has  several 
attach  points 

(2)  The  rigorous  modeling  of  a seat  system. 
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Both  systems  involve  a network  of  extremely  light  members  (struts,  seat 
legs)  if  all  node  points  are  to  be  presented.  Figure  U-1  shows  a typical 
tubular  engine  mount  arrangement.  The  engine  is  a relatively  large  mass, 
attached  to  its  mounting  bed  at  1 and  2 (one  side  shown).  The  tubular  support- 
ing structure,  in  turn,  attaches  to  the  firewall  at  points  A and  B (one  side 
shown).  Without  the  use  of  massless  nodes,  the  engine  has  to  be  idealized  as 
a lumped  mass  with  the  weight  at  its  c.g. , and  the  upper  and  lower  mounts 
each  must  be  modeled  as  internal  beam  members  (dashed  lines  in  Figure  4-1 ) 
which  represent  stiffness  properties  in  six  directions  for  more  than  one 
tubular  member.  However,  with  the  use  of  massless  nodes,  each  mount  can  be 
modeled  directly  at  its  appropriate  attach  point.  For  example,  the  engine 
mount  arrangement  can  now  be  modeled  with  flexible  members  having  the  area 
properties  of  individual  tubes  connecting  point  A to  2 and  B to  1 and  2 
(Figure  4-1)  for  each  side.  Program  KRASH  contains  rigid  body  equations  which 
relate  the  motions  of  these  nodes  to  those  of  the  mass  to  which  the  nodes  are 
attached  (at  c.g.  of  engine  in  this  case). 

In  addition,  nodes  can  be  added  at  any  point  on  the  engine.  For  example, 
node  point  3 (Figure  4-1)  could  represent  an  accelerometer  location  whose 
response  is  being  monitored  during  a test  or  for  which  previous  test  data  is 
available.  Similarly  nodes  can  be  specified  at  points  A and  B on  the  firewall 
which  are  rigidly  connected  to  a mass  representation  of  the  firewall  at  a more 
convenient  location. 

Figure  4-2  shows  a typical  pilot  or  copilot  power  adjustable  seat  config- 
uration. The  modeling  arrangement  without  benefit  of  massless  nodes  is  shown 
in  Figure  4-3.  Since  the  seat  pan  and  floor  structure  in  the  region  of  the 
seat  legs  are  relatively  light  weight,  it  is  difficult  to  model  them  with 
much  detail.  Ideally  4 masses  should  represent  the  seat  pan.  However  this 
causes  a potential  integration  related  instability  problem  requiring  a com- 
promise representing  the  seat  legs  with  one  member.  This  compromise  requires 
representing  the  property  of  several  floor  members  with  one  beam  as  well  as 
idealizing  the  seat  legs  as  another  individual  member. 


Figure  4-2.  Typical  Pilot  or  Copilot  Power  Adjustable 
Seat  Configuration 
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NOTE: 

POINTS  a,  b,  c AND  d REPRESENT  SEAT  LEG 
ATTACH  POINTS  ON  THE  SEAT  PAN.  POINTS  e, 
f,  g AND  h REPRESENT  SEAT  LEG  ATTACH  POINTS 
ON  THE  FLOOR 

Figure  4-3.  Model  Arrangement  in  KRASH  Without 
Massless  Nodes 


r 

i 

( 

I 


However,  with  the  application  of  massless  nodes,  the  occupant-seat-floor 
arrangement  cein  be  represented  as  shown  in  Figure  4-U.  Massless  nodes  are 
established  at  each  seat  leg-floor  attachment  point  and  at  each  corner  of  the 
seat  pan.  Each  of  the  seat  legs  is  modeled  as  a column.  Points  2 through  5 
are  mass  locations  and  points  (a)  throiigh  (h)  are  massless  node  points.  Mass 
point  1 represents  the  seat  pan  and  occupant  lower  torso. 

U.2.3  Summary  and  Plot  Capability 

At  the  conclusion  of  a computer  printout,  program  KRASH  now  provides  a 
summary  of  internal  beam  elements  which  have  yielded  or  have  ruptured.  In 
addition  to  the  element  aind  direction  of  failure,  the  time  of  occurrence  is 
noted.  KRASH  still  provides  the  summary  of  energies  as  a function  of  time. 

In  addition,  the  option  is  available  to  obtain  summary  prints  and  plots  (3  per 
page)  of  the  data  that  is  normally  printed  at  each  time  internal.  This  in- 
cludes mass,  beam,  external  spring,  stress,  DRI,  and  c.g.  translational 
velocity  data.  In  conjunction  with  the  plot  routine  the  option  is  also  avail- 
able to  print  or  not  to  print  at  each  time  interval  all  the  mass  displacements, 
velocities  and  accelerations,  beam  forces,  deflections  and  stresses,  external 
spring  data,  and  individual  element  energy  terms. 

U.2.U  Force  Failure  Coding 

An  element  failvire  can  now  be  specified  to  occur  from  either  an  excessive 
load  or  displacement.  Previously  the  coding  was  limited  to  a maximum  dis- 
placement. This  coding  change  provides  additional  flexibility  in  modeling 
for  combined  loading  conditions. 

U.2.5  Material  Code 

KRASH  now  contains  a standard  material  coding.  This  coding  can  be  used 
to  specify  up  to  seven  different  common  materle^s.  For  each  beam  a material 
code  (MC  number)  is  input  and  the  Modulus  of  Elasticity  (E),  Modulus  of 
Rigidity  (G),  allowable  compression,  tension,  shear  and  yield  stresses 
associated  with  the  particular  material  are  assigned  to  that  beam.  Cxirrently 
the  following  material  selections  are: 
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Figure  U-U,  Model  Arrangement  In  KRASH  with  Massless  Nodes 


1.  i»130  Steel 

2.  6150  Steel 

3.  Stainless  300 

U • Aluminum  202U-T3 
5 • Aluminum  6o6l-T3 

6.  Cast  Aluminum  B195-TU 

7.  Low  Modulus  Material 

8.  Zero-Torsion  Material 

9.  DRI-Splne  (man) 

10.  DRI-Splne  (DRI) 


Material  Numbers  7 through  10  do  not  represent  particular  materials  but 
add  modeling  flexibility.  A discussion  regarding  the  use  of  material  codes 
is  available  in  References  6 and  7. 

The  program  is  coded  so  that  the  user  can  input  additional  materials  not 
currently  included. 

h.2.6  Filtered  Acceleration 

The  output  translational  accelerations  of  all  the  masses  and  node  points 
are  now  processed  through  a simple  first  order  filter  having  a transfer 
function  of: 
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where 

j = 

u;  = Response  Frequency 
= Cutoff  Frequency 

The  cutoff  frequency  (uj^/27t)  for  this  low  pass  filter  is  an  input  parameter. 
Generally  a cutoff  frequency  less  than  200  Hz  will  be  specified.  The  analyti- 
cal filter  normally  is  not  a first  order  filter,  but  rather  a much  higher  order 
having  20  - 30  dB/octave  slope  above  the  cutoff  frequency.  For  this  reason, 
correlation  with  test  data  program  cutoff  frequency  should  be  between  0.5  and 
0.8  times  the  test  filter  frequency.  Thus,  KRASH  output  now  includes  both 
filtered  and  unfiltered  acceleration  time  histories  of  the  masses  and  node 
points.  The  filtered  accelerations  are  employed  only  for  output  data;  the 
integration  of  the  equations  of  motion  uses  the  unfiltered  data  as  before. 


*♦.2.7  Revised  Stiffness  and  Damping  Formulation 


The  calculation  of  the  internal  beam  forces  has  been  revised.  Previously, 
the  forces  at  one  end  of  the  beam  were  calculated  utilizing  the  relative  de- 
flections of  one  end  with  respect  to  the  other  etc.),  and  a 6 x 6 

stiffness  matrix  for  a cantilevered  beam.  Now  the  forces  are  calculated 
using  the  absolute  deflections  of  each  end  of  the  beam  and  a 12  x 12  stiffness 
matrix.  In  the  actual  computations,  the  full  12  x 12  k matrix  is  not  em- 
ployed. If  the  coupled  z-0  bending  portion  of  the  full  12  x 12  k matrix  is 
expanded  and  terms  recombined,  it  can  be  shown  that  the  forces  and  moments  at 
the  i and  j ends  of  the  beam  are  given  by 
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TheA's  indicate  incremental  forces  and  deflections  for  the  numerical 
integration  time  interval  being  considered,  k , k p and  kS  are  the  terms  of 
the  6x6  cantilever  beam  stiffness  matrix  originally  used.  Notice  that  the 
relative  deflections  and  rotations  are  still  used  (aZj  -Az^,^0j  “AGi^* 
but  that  the  rotational  sum  terms  (^0j  '^’AGi^  also  included.  A similar 

equation  is  written  for  the  coupled  y - iJj  bending,  while  the-axial  and  tor- 
sional modes  (x  and<|>  ) are  uncoupled.  All  forces  and  moments  are  expressed 
in  a beam  axis  coordinate  system.  This  is  now  a time  varying  system  whose 
X axis  is  always  pointing  from  mass  1 to  mass  J. 

The  damping  forces  were  previously  calculated  usijig  a diagonalized 
damping  coefficient  matrix.  They  are  now  calculated  as  the  product  of  the 
coupled  stiffness  matrix  times  the  velocity  vector  times  a damping  constant 
2?,  where  a separate  natural  frequency  ^ is  used  for  each  of  the  6 direc- 

tions. This  model  yields  an  approximation  of  structural  type  damping  as 
opposed  to  the  viscous  damping  previously  used.  The  expression  for  damping 
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forces  and  moments  is  shown  below  for  the  couplex  z and  6 damping  forces.  A 
similar  expression  applies  to  the  y,  terms.  The  axial  and  torsional  terms 
are  uncoupled. 


where 


‘^n 
z,  0 


subscript  i 
subscript  j 
subscript  D 


internal  beam  structural  damping  factor 
internal  beam  natural  frequency 
beam  end  point  velocities 
i^^  end  of  beam 
end  of  beam 
damping  term 


Strain  and  damping  energy  calculations  have  been  revised  to  be  consistent 
with  the  new  strain  and  damping  force  calculation  schemes. 


^.2.8  Flexible  Ground  Coding 

Provision  is  now  made  for  modeling  a simplified  representation  of  soil 
characteristics.  For  each  external  spring,  an  elastic  model  of  the  soil  sur- 
face may  be  specified.  Separate  soil  characteristics  for  each  external  spring 
may  be  input.  The  linear  ground  load-deflection  model  is  combined  in  series 
with  the  nonlinear  external  spring  load-deflection  model  to  arrive  at  a com- 
bined nonlineeu:  characteristic  curve.  This  is  then  used  as  before  in  the 
analysis.  Unloading  of  the  soil  is  not  allowed.  A separate  plowing  force  may 
be  specified  in  the  input;  this  force  acts  in  the  direction  of  the  ground  drag 
force  due  to  friction. 
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k,2.9  Restart 


Program  KBASH  has  been  revised  to  allow  the  option  of  starting  a case 
from  an  intermediate  time  cut  from  a previous  case.  For  example,  an  analysis 
may  be  run  from  0 to  150  milliseconds,  and  then  restarted  from  the  50  milli- 
second point  with  revised  data.  The  type  of  data  changed  would  generally  be 
the  characteristics  of  nonlinear  beam  load-deflection  curves  that  have  not  yet 
gone  nonlinear,  so  that  the  early  portion  of  the  analysis  would  be  valid  even 
for  the  revised  data.  This  feature  allows  the  program  user  to  explore  the 
influence  of  parameter  variations  without  having  to  rerun  long  sections  of  the 
analysis  that  remain  unchanged.  Considerable  computer  run  time  and  cost  may 
be  saved  with  proper  application  of  this  capability. 

^♦.2.10  Unsymmetrical  Load-Deflection  Curves 

Coding  has  been  added  to  KRASH  to  model  internal  beam  elements  which 
behave  differently  in  tension  and  compression.  Only  the  beam  axial  loads  are 
treated  in  this  fashion.  The  types  of  elements  for  which  this  provision  is 
useful  include  seat  belts  and  diagonal  elements  representing  shear  panels. 

Both  of  these  are  modeled  with  tension-only  unsymmetrical  elements  in  which 
compressive  forces  are  not  allowed.  A deadband  is  also  provided  in  the  model 
for  unsymmetrical  beams.  In  the  deadband  region,  the  beam  has  zero  load. 

This  can  be  used  to  represent  contact  between  two  surfaces  not  originally 
touching,  but  which  contact  each  other  after  large  deformations  diiring  a 
crash.  An  example  of  this  is  the  contact  between  the  nose  wheel  and  the  lower 
fuselage  after  impact  and  failure  of  the  nose  gear.  This  can  be  modeled  with 
a beam  between  the  nose  wheel  and  the  fuselage,  utilizing  a compression-only 
element  with  deadband.  Another  application  would  be  occupant  to  cabin  struc- 
tvire  contact. 

U.2.11  Pinned-Fixed  Beam  End  Conditions 

The  internal  beam  force/moment  calculations  have  been  extended  to  include 
all  possible  combinations  of  pinned  and  fixed  end  conditions.  If  both  ends 
are  pinned,  both  the  lateral  force  and  the  moment  about  the  pin  sucis  are  zero. 


This  capability  was  previously  included  in  KRASH.  With  one  beeim  end  fixed  and 
the  other  pinned,  only  the  moment  at  the  pinned  end  is  zero.  The  proper  equa- 
tions for  this  pinned-fixed  situation  are  now  included  in  KRASH.  In  the  ana- 
lytical model  for  a high-wing  airplane,  this  type  of  beam  can  be  used  for  the 
inboard  wing  segment,  which  is  normally  pinned  at  the  wing  Junction  to  the 
fuselage  and  fixed  to  the  outboard  segment  of  the  wing. 
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SECTION  5 

MATHEMATICAL  MODEL  DESCRIPTIONS 


5.1  PROGRAM  KRASH 

Program  KRASH,  developed  for  helicopters  under  U.S.  Army  Contract 
(Reference  2),  expanded  to  include  fixed  wing  aircraft  during  Task  I (Refer- 
ence 1)  and  further  refined  during  this  Task  II  effort,  is  used  to  mathemati- 
cally model  the  single-engine,  high-wing  airplanes  used  in  the  crash  tests. 
Program  KRASH  is  a digital  computer  program  which  predicts  the  response  of 
vehicles  to  multidirectional  crash  environments.  The  program  computes  the 
time  history  of  N interconnected  masses.  Each  mass  is  allowed  six  degrees  of 
freedom  defined  by  inertial  coordinates  x.,  y.,  z , and  Eulerian  angles  <j)., 

1 1 i 1 

6^,  where  i = 1,2. ..N.  Euler's  equations  of  motion  are  written  for  each 
mass.  The  equations  of  motion  are  integrated  numerically  to  obtain  velocities, 
displacements  and  rotations.  Gravity  forces,  internal  forces  and  moments, 
external  forces,  and  energies  (kinetic,  potential,  strain,  damping,  crushing, 
and  friction)  are  computed. 

For  small  deflections  a linear  analysis  is  followed  and  for  large  deflec- 
tions, a technique  is  used  that  allows  general  plastic  deformation.  The  pro- 
gram provides  for  unloading  and  subsequent  reloading  along  a linear  elastic 
line.  The  current  program  and  its  application  is  described,  in  detail,  in  the 
KRASH  User's  Manual  Volumes  I and  II  (References  6 and  7).  A brief  description 
of  Task  II  changes  to  KRASH  is  presented  in  Section  PROGRAM  'KRASH' 
REFINEMENTS. 

5.2  AIRPLANE  DESCRIPTION 

The  airplane  modeled  using  KRASH  and  crash  tested  during  Task  II  is 
shown  in  Figure  5-1  and  described  as  follows: 

• Single-engine,  high-wing  configuration 

• Two  sets  of  side-by-side  seats  (U  occupants) 
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Figure  5-1.  Single-Engine,  High-Wing  Airplane  Configuration 


• Used  for  training  and  business  purposes 

• Stall  speed  <57  mph  (flaps  up) 

• Cruise  speed  (75  percent  power),  125  mph 

• Maximum  takeoff  weight,  2300  pounds 

• Fuselage  is  semimonocoque  construction.  The  wing  is  a box  structure 

having  two  main  spars  and  is  braced  with  two  midspan  struts.  The 
landing  gear  is  a nonretractable  tricycle  type.  The  empennage  is  a 
cantilever  design. 

• Flight  design  load  factors  of  +3.8  g's  and  -1.52  g*s. 

• Overall  dimensions  are:  wing  span  = U3^  inches 

length  = 323  inches 

• The  weight  - c.g.  envelope  is  presented  in  Figure  5-2. 
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CENTER  OF  GRAVITY  POSITION,  FUSELAGE  STATION 
Figure  5-2.  Weight  and  Center-of-Gravity  Flight  Envelope 

5.3  CRASH  TEST  MATHEMATICAL  MODELS 

The  same  basic  mathematical  model  is  used  for  all  four  crash  tests.  The 
input  data  for  the  different  test  c'^nditions  varies  due  to  test  weight  and 
c.g.  position  and  initial  impact  velocities  and  attitudes.  The  member  stiff- 
ness properties,  the  external  spring  properties,  and  the  member  load  defor- 
mation and  failure  characteristics  remain  the  same  for  each  analytical  test 
model.  Program  KRASH*s  symmetrical  modeling  capability  permitted  inputting 
data  for  only  a half  model  of  the  airplane.  In  the  analysis  of  Tests  1,  2 
and  3 program  KRASH  generated  a full  model  from  the  one  half  model  input  data 
which  permitted  accounting  for  the  unsymmetrical  impact  conditions.  As  noted 
in  Section  3 the  actued  Impact  conditions  for  Tests  1 and  2,  while  Intended  to 
be  symmetrical.  Included  roll  and  yaw  due  to  the  wind  conditions.  However 
Test  3 was  performed  with  a large  roll  angle  (-19  degrees).  Test  U impact 
conditions  were  essentially  symmetrical  which  permitted  the  use  of  the  sym- 
metrical capability  for  both  the  geometry  and  the  analysis.  The  basic 
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symmetrical  mathematical  model  using  one  half  of  the  single-engine  high-wing 
airplane  is  shown  in  Figure  5-3.  The  input  data  for  this  model  consists  of: 

• 30  masses 

• 59  internal  beam  members 

• 68  nonlinear  members 

• 22  external  springs 

• IT  massless  node  points 

If  fully  expanded  to  a full  model  the  size  would  increase  to: 

• U8  masses 

• 100  internal  beam  members 

• ll8  nonlinear  members 

• 32  external  springs 

• 32  massless  node  points 

Mass  identification  used  in  the  math  model  is  given  in  Table  5-1. 

Table  5-2  presents  the  mass  numbers  and  their  counterparts  on  the  opposite 
side  of  this  airplane.  (Masses  located  along  the  airplane  centerline  are  not 
presented.)  Massless  node  points  are  identified  in  Table  5-3  and  the  theory 
regarding  massless  nodes  is  provided  in  Reference  6. 

The  external  springs  represent  the  location  at  which  structure  or  tires 
contact  the  groiuid.  While  an  allowance  of  32  such  contact  points  is  provided 
for  in  the  math  model  shown  in  Figure  5-3,  depending  on  the  airplane  attitude 
at  impact,  some  of  the  springs  will  not  contact  the  ground.  The  external 
spring  data  is  obtained  and/or  developed  from  available  data  including  tire 
and  landing  gear  load-deflection  curves,  engine  contact  point  stiffness 


(a)  ONLY  LEFT 


Figure  5-3.  Single-Engine,  High-Wing  Symmetrical  Math  Model 
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TABLE  5-1.  MASS  IDENTIFICATION  FOR  SINGLE- ENGINE,  HIGH-WING 
AIRPLANE,  LEFT  SIDE 


Mass  Number 

Masses  Represented  (Figure  5-3) 

1 

Nose  Gear  Unsprung  Mass 

2,3 

Main  Landing  Gear  Unsprung  Region 

23, 5, T 

Mid  Fuselage  Cabin 

18,27,19,23,28,6 

Floor  Region 

9,10 

Firewall 

25,11,12 

Fuselage  Aft  Bulkhead 

13 

Engine 

ll* 

Nose  Landing  Gear  Trunnion 

8,15,17,16,5 

Left  Wing 

3, 21*, 30 

Tail  Unit 

20 

Seat  (Shown  in  Figure  5-1+) 

21,22 

Occupant,  DRI  (Shown  in  Figure  5-^) 

26,29 

Nose  Gear  Support  Attachments  at  the  Firewall 

k 

Main  Gear  Fuselage  Attach  Point 

TABLE  5-2.  CORRESPONDING  MASS  IDENTIFICATION 
FOR  RIGHT  SIDE 


Left  Side  Mass  No. 

Right  Side  Mass  No. 

2 

31 

32,33 

6.7 

3l+,35 

8,9 

36,37 

10,11,12 

38,39,1*0 

15.16,17 

1*1, 1*2, 1+3 

20 

1*1* 

21,22 

1*5, U6 

23 

1*7 

28 

U8 

TABLE  5-3.  MASSLESS  NODE  LOCATIONS  AND  REPRESENTATIONS 


Location 

Mass 

Engine 

13 

13 

13 

13 

13 

13 

Main  Landing 

1+ 

Gear 

19 

32 

Pilot  Seat- 

6 

Floor 

18 

28 

27 

Copilot 

18 

Seat -Floor 

3i+ 

27 

k6 

Pilot  Seat 

20 

20 

20 

20 

Copilot  Seat 

UU 

Ul* 

hk 

Pilot 

21 

Copilot 

‘♦5 

Firewall 

9 

37 

38 

Node 


Location  Represented 


1 

2 

3 

h 

5 

6 


1 

1 

1 

1 

2 

1 

2 

1 

1 

2 

3 

k 

1 

2 

3 

h 

1 

1 

1 

1 

1 

1 


Forward  mount  attachment  - lert  side 
Aft  mount  attachment  - left  side 
Engine  accelerometer  mount  location 
Approximate  location  of  engine  contract  point 
for  forward  rotation  of  failed  nose  gear 
Forward  mount  attachment  - right  side 
Aft  mount  attachment  - right  side 

Left  main  gear  - bulkhead  attachment 

Center  Bulkhead  attachment 

Right  main  gear  - bulkhead  attachment 

Forward  seat  leg  attach  point,  outboard 
Forward  seat  leg  attach  point , inboard 
Aft  seat  leg  attach  point , outboard 
Aft  seat  leg  attach  point , inboard 

Forward  seat  leg  attach  point , inboard 
Forward  seat  leg  attach  point , outboard 
Aft  seat  leg  attach  point , inboard 
Aft  seat  leg  attach  point , outboard 

Aft  outboard  corner 
Aft  inboard  corner 
Forward  outboard  corner 
Forward  inboard  corner 

Aft  outboard  corner 
Aft  inboard  corner 
Forward  outboard  corner 
Forward  inboard  corner 

Upper  torso  attach  point  for  shoulder  harness 
Upper  torso  attach  point  for  shoulder  harness 

Engine  attach  point,  lower,  left  side 
Engine  attach  point,  upper,  left  side 
Engine  attach  point,  lower,  right  side 
Engine  attach  point,  upper,  right  side 
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characteristics,  and  substructure  analysis  and  test.  The  external  spring 
contact  points  for  the  model  are  located  at  masses  1,  2,  9,  29,  6,  18,  28,  27, 

23,  19,  11,  25,  3,  30,  17  and  the  corresponding  masses  on  the  right  side  (see 
Table  5-2).  The  load-deflection  characteristics  of  the  springs  are  shown  in 
Appendix  D. 

The  internal  beam  elastic  characteristics  of  the  beam  elements  are 
obtained  from  representative  cross  section  properties.  The  proper  section 
area  inertias  are  computed  so  that  overall  axial  bending  and  torsional  stiff- 
nesses are  represented.  Discussions  on  typical  representations  of  the  cross 
sections  are  provided  in  the  User's  Manual  (Reference  7).  I 

i 

The  nonlinear  cheiracteristics  of  the  beam  elements  are  obtained  from 
preliminary  calculations  of  uncoupled  loads  and  deflections  which  are  modified 
to  incorporate  coupled  behavior.  KRASH  prints  the  uncoupled  data  which  is 
used  as  an  initial  input.  Results  from  the  initial  computer  runs  representing 
Test  2 showed  that  the  deflection  at  yield  can  be  higher  when  coupled  forces 
ere  present.  Consequently,  nonlinear  deflection  values  have  been  revised  in 
accordance  with  data  obtained  from  the  comparison  of  results  from  Test  2 
analysis  and  the  test  itself.  These  nonlinear  characteristics  are  now 
employed  for  the  analysis  of  Tests  1,  2,  3 and  4.  The  member  linear  and  non- 

f 

linear  properties  are  presented  in  Appendix  D.  | 


Nonlinearities,  as  well  as  failures,  are  monitored  in  KRASH  using  stress,  ; 
maximum  force  and  maximum  deflection  checks.  The  data  supporting  this  moni-  \ 
toring  effort  are  obtained  from  information  from  design  and  criteria  for  the  | 
particular  airplane  being  modeled.  These  data  are  contained  in  Appendix  D.  | 

The  occupant-seat-restraint  system  is  modeled  in  KRASH  as  shown  in  j 
Figure  5-4.  The  occupant  weight  is  divided  between  the  upper  torso,  lower  ^ 
torso  and  floor  in  the  ratio  of  44,  44  and  12  percent,  respectively  (Refer-  ^ 
ence  8).  The  floor  mass  including  the  occupants  12  percent  contribution,  half  f 
of  the  seat  mass  and  the  floor  structure  within  the  region  of  the  occupant  is  I 
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divided  among  four  mass  locations  6,  l8,  27  and  28  (see  Figure  5-3)  which 
connect  to  nodes  6-1,  l8-l,  27-1  and  28-1  (see  Figure  5-^),  respectively.  In 
Figure  5-^  the  lower  torso  weight  and  half  the  seat  weight  are  included  in  the 
mass  at  location  20.  The  upper  torso  weight  is  placed  at  location  21.  The 
properties  for  members  20-21  and  20-22  are  selected  to  best  represent  the 
occupant.  The  frequency  and  damping  ratio  for  member  20-21  is  intended  to 
properly  model  the  dynamic  response  of  the  upper  torso  to  the  seat's  excitation. 

The  mass  at  location  22  is  the  same  as  the  upper  torso  (mass  21),  but  the 
damping  and  stiffness  Eire  slightly  different.  This  is  done  to  obtain  the 
Dynamic  Response  Index  (DRi)  for  mass  22  that  will  correlate  well  with  statis- 
tical data.  The  important  point  is  that  mass  22  is  driven  by  mass  20,  but  the 
interconnecting  forces  only  drive  mass  22,  not  mass  20.  There  is  no  feedback 
from  mass  22  to  mass  20,  thus  the  DRI  does  not  alter  the  rest  of  the  system. 

The  DRI  is  a measure  of  potential  vertabrae  compression  injury  and  as  such  is 
a limited  tool,  particularly  where  other  than  verticaj.  loads  are  involved. 

The  theory  for  DRI  modeling  in  KRASH  is  contained  in  Reference  6.  Massless 
nodes  20-1,  20-2,  20-3  and  20-U  connect  to  massless  nodes  28-1,  27-1,  6-1  and 
l8-l,  respectively.  The  structureil  characteristics  of  the  seat  legs  Eire  con- 
tained in  the  data  which  describes  each  of  these  members.  The  seat  is  treated 
as  a rigid  body  in  that  mass  20  is  linked  to  each  of  its  h node  points  (20-1, 
20-2,  20-3  and  20-4)  by  rigid  members.  Massless  node  21-1  in  Figure  5-4 
represents  the  contact  point  on  the  occupant's  upper  torso  for  the  restraint 
harness.  The  harness  in  turn  is  connected  to  the  upper  structure  of  the  air- 
plane, node  5 (see  Figure  5-3). 

The  math  model  shown  in  Figure  5-3  contains  three  unsymmetricsLi  load- 
deflection  elements.  Two  of  the  unsymmetrical  elements  connect  each  of.  the 
occupants'  upper  torso  to  the  upper  cabin  structure  to  represent  shoulder 
harnesses.  These  two  members  connect  mass  21  to  massless  node  21-1  (pilot) 
and  mass  45  to  massless  node  45-1  (copilot).  Both  members  are  tension  members 
only.  Another  unsymmetrical  element  connects  the  nose  gear  lower  mass  to  the 
engine  underside  structure  and  is  a compression  member  which  includes  a 12  inch 
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21-1 


TO  NODE  5 
(FIGURE  &-3) 


20-1 

28-1 


Figure  5-^.  Occupant-Seat-Restraint  System  Model  in  KRASH 

deadband.  This  member  represents  the  post-failure  contact  between  the  nose 
gear  and  engine  structure  after  failure  of  the  nose  gear  lower  support  struc- 
ture. The  member  will  only  be  activated  in  cases  like  Test  2 where  the 
nose  gear  rotates  forward  after  failure  of  its  lower  support  structiire.  In 
Tests  1,  3 and  h the  nose  gear  rotates  aft  and  under  the  floor  of  the  cabin 
area.  The  post-failure  contact  in  this  case  is  extended  external  spring 
acting  at  mass  point  l8.  Thus,  the  post-failure  interference  of  the  nose 
gear  after  failure  is  accounted  for. 

The  math  model  contains  pin-pin  beam  elements  to  represent  the  wing 
column  struts  and  pin-fixed  elements  to  elements  to  represent  the  wing  to 
fuselage  front  and  rear  spar  attachments. 

The  high  angle  of  attack  used  in  Test  2 along  with  a velocity  of  50  mph 
resulted  in  an  aerodynamic  lift  component  which  was  not  present  in  the  other 
tests.  Because  of  the  spoiler  mounted  on  the  upper  surface,  total  lift  was 
not  attained.  In  order  to  represent  the  Test  2 conditions  properly  in  the 
analysis,  a lift  term  based  on  the  aerodynamics  involved  in  the  test  (a 
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velocity  of  50  mph  £ind  an  angle  of  attack  of  25  degrees)  was  determined.  The 
resulting  lift  force  which  was  used  in  an6d.ysis  of  Test  2 was  0.65  times  the 
airplane  weight  acting  at  about  15  percent  of  the  wing  chord  {F.S.  38.15)  and 
distributed  at  each  wing  location  as  follows: 

• Masses  5,  l6,  36  and  h2  - 0.03  times  airplane  weight 

• Masses  8,  15 t 33  and  kl  - 0.11  times  airplane  weight 

• Masses  17  euid  1*3  - 0,0li5  times  airplane  weight 

Unlike  the  previous  three  crash  tests.  Crash  Test  h involved  an  impact  on 
a soil  terrain.  The  behavior  of  the  soil  under  impact  is  modeled  in  the 
following  manner: 

• The  pressure  acting  on  the  airplane  is  related  to  the  avereige  CBR 
value  of  the  soil  in  the  impact  area  using  the  curve  shown  in 
Figure  5-5,  The  curve  shown  in  Figure  5-5  is  obtained  from 
Reference  9. 

• The  maximum  area  of  structure  penetration  is  estimated  from  the 
geometry  of  the  forward  fuselage  region. 

• The  average  force  is  obtained  by  multiplying  the  pressure  by  the 
area  and  dividing  by  two, 

• The  soil  flexibility  is  then  obtained  by  dividing  the  measured 
ground  penetration  (l8  inches)  by  the  average  force.  The  resultant 
flexibility  of  .00036  in/lb  is  then  an  input  to  the  program. 

A summary  comparison  of  the  math  models  used  for  the  four  crash  tests  is 
shown  in  Table  5-^. 
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Figtire  5-5. 


Relationship  of  Airfield  Cone  Penetration  Resistance 
to  CBR  on  Buciishot  Clay  (Reference  9) 
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TABLE  5-'*.  SUMMARY  OF  MATH  MODELS 


Pull  (F)  or  Half-Model 

TEST  1 

TEST  2 

TEST  3 

TEST  1* 

F 

F 

F 

H 

Number  of : 

Masses  i 

U8 

1*8 

1*8 

30 

Node  Points 

32 

32 

32 

17 

External  Springs 

32 

32 

32 

22 

Linear  Beams 

100 

100 

100 

59 

NOiJ.  inear  Beams 

118 

118 

Il8 

68 

DRI  Elements 

2 

2 

2 

1 

Pin-Pin  Beams 

2 

2 

2 

1 

Pin-Fixed  Beams 

U 

1* 

1* 

2 

UnsyTumetrical  Elements 

7 

7 

7 

1* 

Lift/Weight  Ratio 

0 

.65 

0 

0 

Impact  Conditions; 

1 

Vertical  Velocity  (fps) 

i*2.3 

21.8 

1*8.7 

1*3.1* 

Longitudinal  Velocity  (fps) 

68.9 

71.3 

70. 

69.6 

Pitch  Angle  (degrees 

-30. 

13.5 

-39.1* 

-3l*.8 

Roll  Angle  (degrees) 

L.l 

3.3 

18.7 

0. 

Yaw  Angle  (degrees) 

-3,3 

-11.5 

-7.9 

0. 

Pitch  Rate  (degrees /second) 

U6.U 

6-9 

1 

ll*.3 

18.2 

Weight  (lb) 

2370 

1 

2390 

2370 

2370 

C.G.  Position  (Fuselage 
Statlon-ln) 

UL.l 

1*7.2 

1*1*. 1 

Ul*.l 

2 

Inertias  (ib-in-sec  ) 

Roll 

1.8U  EOU 

1.81*  EOl* 

1.81*  EOl* 

1.81*  EOl* 

Pitch 

1.77  EOU 

2.10  EOU 

1.77  EOl* 

1.77  EOl* 

Yaw 

2.96  EOi* 

3.25  EOU  1 

2.96  EOl* 

2.96  EOl* 

(a)  Refers  to  the  analysis.  Airplane  data  input  as  a half  model  in  all 
four  cases  with  the  program  computing  full  airplane  data  for  Tests  1, 
2 and  3. 
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SECTION  6 
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ANALYSIS  AND  CORRELATION 

6.1  TEST*1  ANALYSIS  AND  TEST  COMPARISONS 

6.1.1  Sequence  of  Events 

The  analytical  results  are  obtained  using  the  U8  mass  100  member  model 
described  in  Section  5.1.  The  analysis  was  performed  for  .120  seconds  beyond 
impact.  During  this  time  the  significant  crash  events  have  occurred.  In 

addition,  beyond  .120  second  after  impact  the  drif'ing  of  data  channels 
makes  the  validity  of  many  of  the  test  traces  questionable.  The  sequence  of 
events  as  obtained  by  analysis  versus  that  obtained  from  film  analysis  is 
shown  in  Table  6-1.  From  Table  6-1  it  can  be  seen  that  the  time  of  occurrence 
of  events  obtained  by  analysis  generally  compares  favorable  with  the  test  re- 
sults obtained  from  film  analysis.  Tiie  analysis  indicates  a buckling  of  the 
wing  column  struts  which  is  not  evident  in  tiie  films  of  tiie  test  nor  in  the 
post  test  observations  of  the  structure.  The  analysis  shows  a nose  gear  support 
failure,  a right  main  landing  gear  bulkhead  failure  and  a buckling  of  the  tail- 
cone, all  within  13  milliseconis  of  their  noted  occurrences  during  the  test. 

The  change  In  airplane  c.g.  translational  velocity,  longitudinal  and 
vertical,  as  obtained  by  analysis  is  shown  in  Figure  6-1.  The  camera 
angles  make  it  difficxilt  to  obtain  a direct  comparison  of  the  test  and 
analysis  velocity  histories.  The  analysis  shows  that  the  vertical  component 
of  velocity  reaches  zero  at  approximately  .120  seconds.  This  is  approxi- 
mately .020  seconds  earlier  than  estimated  from  the  film  analysis.  For 
reference,  several  film  estimated  velocities  are  noted.  In  general  the 
analytical  trend  shows  energy  being  absorbed  somewhat  earlier  than  indicated 
in  the  test  velocity  changes.  However,  the  trends  are  consistent  in  that 

* For  brevity  crash  tests  are  referred  to  as  tests  throughout  this  section. 
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TABLE  6-1.  COMPARISON  OF  ANALYSIS  AND  TEST  SEQUENCES,  TEST  1 


Time  - Seconds  (a) 

Sequence 

Analysis 

Test 

• Nose  Gear  Impact 

0 

0 

• Nose  Gear  Support  Structure 

Failure 

.08-. on  (b) 

.012 

• Engine  Lower  Structure  Impact 

.051 

.031* 

• Engine  Spinner  Impact 

.057 

.01*6 

• Lower  Firewall  (left  side) 

Impact 

.05U 

.050 

• Right  Main  Landing  Gear  (M.L.G.) 

Tire  Impact 

.066 

0 

ON 

0 

• Right  Main  Landing  Gear  Bulkhead 
Falliire 

.095 

.082 

• Left  .Main  Gear  Tire  Impact 

.075 

.080 

• Forward  Seat  Leg  Failure  (Pilot) 

.086-. 090 

.095 

• Maximum  Left  MIG  Tire  Deflection 

.090 

.100 

• Tailcone  Yielding 

.202 

.108 

(a)  After  initial  impact 

(b)  Lower  support  followed  by  upper  support  attachment  failure 


the  vertical  velocity  undergoes  a large  magnitude  change  from  approximately 
.060  seconds  to  .120  seconds  after  impact.  The  longitudinal  velocity  change 
is  more  gradual,  reflecting  the  effect  of  friction  between  the  ground  and 
structure. 

The  analytical  results  provide  data  regarding  the  temporal  and  spatial 
distribution  of  energy.  Figure  6-2  shows  the  total  energy  and  its  compo- 
nents (kinetic,  potential,  strain,  damping,  crushing  and  friction)  as  a 
function  of  time.  At  Impact,  kinetic  energy  (9^.3  percent)  and  potential 
energy  (5.7  percent)  accovint  for  all  the  energy.  Thereafter  the  energy 
is  redistributed  in  the  form  of  strain,  structural  damping,  crushing  and 
ground  friction.  Table  6-2  shows  the  distribution  of  the  energy  components 
as  a percentage  of  the  total  energy.  Included  in  Table  6-2  is  the  maximum 
percent  value  and  its  time  of  occurrence  as  well  as  the  percent  of  total 
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Figure  6-1.  Comparison  of  Analysis  and  Test  Longitudinal  and  Vertical 
Velocities  Versus  Time,  Test  1. 
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Figure  6-2.  Total  Energy  and  Energy  Ccmp<»ent8  Obtained  by  Analysis,  Test  1 
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TABLE  6-2.  SUMMARY  OF  ENERGY  CCMPONENTS  OBTAINED  BY  ANALYSIS,  TEST  1 


Peak  Percent  Value 

and 

Percent  Value 

Energy  Component 

Time  of  Occurrence 

at 

Percent 

Time^®^ 

Time  * 0.120  Seconds 

Strain 

11.  U2 

0.093 

8.37 

Damping 

3.74 

0.120 

3.7U 

Crushing 

6.96 

O.llU 

6.25 

Friction 

36.08 

0.120 

36.08 

( ) 

Time  in  seconds 

• 

energy  at  the  conclusion  of  the  analysis.  The  strain  energy  pecUcs  at 
approximately  .093  seconds  after  impact.  However,  from  .078  to  .120  seconds 
it  is  within  27  percent  of  its  peak  value.  The  crushing  energy  remains 
nearly  constant  from  .063  seconds  to  .120  seconds.  During  this  time  various 
regions  of  structure  are  in  contact  with  the  ground.  While  some  crushable 
structure  is  unloading  other  structures  are  still  deforming.  Damping  and 
friction  energies  continually  Increase  since  they  are  dissipative  processes 
and  therefore  not  reversible.  These  energy  percentages  would  Increase  as 
the  airplane  slides  out  to  rest.  Potential  energy,  which  reflects  the  height 
above  the  ground  of  the  individual  masses,  decreases  slightly  to  2.6  percent 
of  the  total.  The  potential  energy  would  not  be  expected  to  change  further 
since  the  airplane  is  sliding  and  maintains  its  position  relative  to  the 
ground  until  its  forward  motion  is  arrested.  The  total  energy  at  the  conclu- 
sion of  the  analysis  is  100.11  percent.  A deviation  of  only  .11  percent  in 
energy  has  occurred  through  .120  seconds  of  crash  analysis  indicating  a 
relatively  stable  math  model  is  being  used.  Figure  6-3  shows  the  percentage 
distribution  of  strain  energy  as  a function  of  location  in  the  airplane  and 
time.  In  addition  the  total  strain  energy  is  depicted.  Immediately  after 
impact,  what  little  strain  energy  is  absorbed  by  the  structure  is  primarily 
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NOSE  GEAR  AND  SUPPORT  STRUCTURE 


Figure  6-3.  Strain  Energy  Distribution  Histories  Obtained  by 
Analysis,  Text  1 


taken  out  by  the  nose  gear  and  its  supporting  structure.  Between  .012  and 
.0^*0  seconds  after  impact  the  nose  gear  support  structure  has  ruptured  and 
no  other  structure  is  in  contact  with  the  ground.  As  the  lower  forward 
fuselage  structure  contacts  the  ground  the  total  strain  energy  increases 
rapidly.  The  deformations  of  the  firewall,  engine  mounts  and  forward 
fuselage  structure  start  to  account  for  most  of  the  strain  energy  at  time 
= .060  and  on.  Thereafter,  the  landing  gear  contacts  the  ground  and  the 
strain  energy  continues  to  increase  until  a peak  is  reached  at  approximately 
.093  seconds  after  impact.  The  increase  in  mid  cabin  and  main  landing  gear 
strain  energy  is  noticeable  in  the  time  period  from  .070  seconds  on.  The 
events  as  noted  by  the  energy  plots  appear  consistent  with  the  results  as 
obtained  from  einalysis  of  films  and  photographs. 

6.1.2  Deflections,  Deformations  and  Failures 

Table  6-3  shows  a comparison  between  analysis  and  test  with  regard  to 
failures.  As  a result  of  the  Test  1 impact,  all  the  seat  legs  sheared  or 
pulled  away  from  the  floor  rails,  the  tailcone  buckled,  the  engine  mounts 
buckled,  the  nose  gear  supports  failed  and  the  right  main  landing  gear 
bulkhead  bolt  failed.  AJ.1  these  events  are  depicted  in  the  analysis.  The 
analysis  also  shows  the  two  wing  column  struts  buckling.  This  event  does 
not  occur  during  the  test.  The  engine  mounts  yield  at  approximately 
.061  seconds  and  after.  No  comparison  can  be  made  of  this  event  with  film 
analysis  since  the  cowl  was  covering  the  engine  and  its  mount  during  the 
test. 
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TABLE  6-3.  COMPARISON  OF  ANALYSIS  AND  TEST  FAILURES,  TEST  1 


Test 

1 

Location 

Analysis 

Test 

Seat  Leg  Failures 

Pilot  Forward 

Yes 

Yes 

Pilot  Rear 

Yes^^) 

Yes 

Copilot  Forward 

Yes 

Yes 

Yes^^^ 

Couilot  Rear 

Yes^^) 

Tailcone  Yield  or  Failure 

Yes 

Yes 

Nose  Gear  Failures 

Lower  Support 

Yes 

Yes 

Upper  Support 

Yes 

Yes 

Main  Landing  Gear  Failures 

Gear 

No 

No 

Support  Structure 

Yes 

Yes 

Wing  Spar  Failures 

Left  Wing 

No 

No 

Right  Wing 

No 

No 

Wins  Column  Strut  Failures 

Left  Wing 

Yes 

No 

Right  Wing 

Yes 

No 

Engine  Mounts  Buckle 

Yes 

Yes 

( & ) 

Pxxlls  loose  from  track. 

^^^Based  on  stress  ratio >1.25  for  either  inboard  or  outboard  leg. 
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Table  6-*+  shows  the  analysis  results  with  regard  to  internal  member 
deflections.  The  analysis  shows  that  the  engine  mounts  deflect  axially 
between  2 and  3 inches.  A deflection  of  U inches  or  more  is  required  before 
contact  is  made  between  the  engine  housing  and  firewall.  Observations  of  the 
vehicle  after  the  test  indicated  that  no  contact  between  the  engine  structure 
and  the  firewall  occurred.  The  forward  fuselage  compression  represented  by 
member  7-9  (Figure  5-3)  shows  a peak  axial  deflection  of  5-2  inches.  An 
axial  deflection  of  4.7  Inches  (vertical  compression  of  member  9-10)  is  reached 
at  the  firewall.  Deflections  at  the  landing  gear  are  consistent  with  the 
deflections  observed  from  film  analysis.  However,  the  deflections  at  the  door 
posts  are  generally  lower  than  observed  for  the  test.  Figiire  6-h  shows  a 
comparison  of  the  forward  fuselage  and  occupant  cabin  regions  as  obtained  by 
analysis  and  estimated  from  test  data  for  the  airpleuie  in  its  post  crash 
position.  For  reference  the  pretest  uofition  of  the  cabin  regions  is  also 
shown  in  Figure  6-4.  The  analysis  depicts  the  deformation  in  the  forward 
region  but  underpredicts  the  damage  in  the  mid  cabin  'egion,  particularly  at  the 
rear  door  post. 

Table  6-5  shows  the  results  of  the  analysis  with  regard  to  maximum  deflec- 
tions experienced  by  the  external  springs.  The  springs  represent  areas  which 
can  contact  the  ground.  Analytically  obtained  tire  deflections  compare 
favorably  with  test  results.  However,  estimates  of  deflections  in  or 
near  the  region  represented  by  the  structure  are  more  difficult , due  to  the 
nature  of  the  distortion  that  takes  place.  Also  in  a dynamic  situation  the 
structure  springs  back  after  reaching  a peak  deflection.  No  film  analysis 
could  be  made  of  the  peak  deflections,  only  estimates  from  the  post  crash 
condition. 

6.1.3  Structure  Responses 

Figures  6-5  through  6-9  show  comparisons  of  analysis  and  test  structure 
responses  at  various  locations  throxighout  the  airplane.  Table  6-6  summarizes 
the  results.  The  engine  responses  are  coii5>ared  in  Figure  6-5.  Typically  the 
test  and  analysis  data  both  show  one  major  response.  The  analysis  response 
shape  is  more  broadbtod  than  the  test  response.  The  analysis  peak  values 
are  approximately  27  to  32  percent  higher  than  the  test  values  and  occur 
from  .016  to  .020  seconds  later  than  noted  in  the  test  data.  The  floor 
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TABLE  6-4.  MIMBER  DEFLECTIONS  OBTAINED  BY  ANALYSIS,  TEST  1 


Location 

Element 

Node  Points 
i-j(a) 

Deflection, 

Inches 

Axial 

Engine  Mounts 

9-13,10-13,13-37,13-38 

2.0  - 3.2 

Forward  Fuselage 

6-9,7-9,34-37,35-37 

3.1  - 5.2 

Firewall  (Vertical) 

9-10,37-38 

4.7 

Bending 

Landing  Gears 

2-4,31-32 

4.3  - 8.4 

Forward  Door  Post  - Lower 

6-7,34-35 

5.7 

Forward  Door  Post  - Upper 

7-8  35-36 

3.3 

Rear  Door  Post  - Lower 

4-23,32-47 

2.0 

Rear  Door  Post  - Upper 

5-23,33-47 

5.6 

Firewall 

9-10,37-38 

9.1 

Tunnel  Structure 

18-26,18-29 

12.8  - 13.1 

Forward  Fuselage 

6-9,7-10,34-37,35-37 

10.0  - 13.0 

fa) 

'See  Math  Model  Description,  1 

figure  5-3-  Tables  5-1  and 

5-2. 

response  comparisons  eure  taken  at  a forward  (F.S.  127),  mid  (F.S.  6o)  and  aft 
(F.S.  90-108)  location.  The  response  histories  are  shown  in  Figures  6-6,  6-7 
and  6-8,  respectively.  Unlike  the  engine  response  the  floor  accelerations 
exhibit  more  oscillatory  motion.  Disregarding  one  sharp  pulse  observed  in  the 
test  data  at  F.S.  27  and  a relatively  high  analytical  peak  at  F.S.  60,  the 
analysis  and  test  peak  values  agree  within  ^22  percent . The  times  of  occurrence 
of  peak  values  generally  agree  within  a few  milliseconds  to  .025  seconds. 

Figure  6-9  shows  a comparison  of  wing  responses.  In  the  vertical  direction  the 
data  agrees  within  8 percent  and  from  .013  to  .022  seconds.  In  the  longitudinal 
direction  the  data  agrees  within  46  percent  and  .015  seconds.  However,  the 
test  data  polarity  may  be  opposite  that  shown. 


Comparison  of  Analysis  and  Test  Cabin  Deformations 


TABLE  6-5.  MAXIMUM  EXTERNAL  SPRING  DEFELCTIONS  OBTAINED  BY  ANALYSIS,  TEST  1 


Location 

1 

Mass 

Number(s)(d) 

Deflection, 

Inches  1 

Longitudinal 

Vertical 

Nose  Gear  Tire 

1 

2.3 

3.87 

Main  Gear  Tires 

2,31 

.83  - 2.83 

1*.73 

(a)  (c) 

(a)  (c) 

Engine  Structure 

13 

12.65 

7.93 

Lower  Firewall 

9.29,37 

(a)  7.37 

1.8 

(c)  9.6 

2.8 

(b)  11.0 

5.1* 

Forward  Fuselage 

6,18,31* 

5.26(b) 

i 

1.98(c) 

(a)  Left  side 

(b)  Center 

(c)  Right  side 

(d)  See  math  model  Figure  5-3 

The  comparison  of  test  and  analysis  data  shows  some  striking  similarities 
with  regard  to  response  shape,  frequencies  and  times  of  occurrences.  Ihe 
engine  mass  represents  the  largest  individual  mass  item  (l6  percent  of  the 
total  mass)  that  is  modeled  in  KRASH  for  the  airplane  that  was  crash  tested. 
The  analytical  response  tends  to  show  a broader  response  than  is  evident  in 
the  test  data.  Typically  lumped  mass  mathematical  modeling  of  a distributed 
system  tends  to  result  in  a broader  response  peak  than  is  normally  obtained 
from  accelerometers  mounted  on  structure.  Wherein  lighter  weight  items 
(floor  and  cabin  structure)  are  involved,  the  analytical  results  tend  to  show 
greater  disparity  in  matching  test  response  shapes.  While  the  overall 
responses  at  F.S.  27,  60  and  90  show  reasonably  good  agreement,  their  response 
shapes  show  substantial  differences.  This  disparity  is  due  in  part  to  the 
fact  that  test  data  generally  reflects  local  structxiral  responses  which 
inherently  exhibit  higher  frequencies.  The  longitudinal  response  at  F.S.  90 
may  best  Illustrate  this  point.  While  the  peak  response  values  compare 
very  favorably  and  the  times  of  occurrence  agree  within  .005  to  .025  seconds, 
the  response  shapes  differ  substantially.  The  analysis  is  wide  band 
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PlKure  6-5.  Comparison  of  Analysis  and  Test  Engine 
Vertical  and  Longitudinal  Accelerations, 
Test  1 
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Figure  6-6.  Comparison  of  Analysis  and  Test  Floor  Vertical 
and  Lo-igitudinal  Accelerations,  F.S.  27,  Test  1 
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Figure  6-8.  Comparison  of  Analysis  and  Test  Floor 

Vertical  and  Longitudinal  Accelerations, 
F.S.  90-108,  Test  1 
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Figure  6-9.  Comparison  of  Analysis  and  Test 
Wing  Vertical  and  Longitudinal 
Accelerations.  Test  1 
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exhibiting  a frequency  response  of  approximately  20  Hz,  while  the  test  data 
is  more  oscillatory  showing  a frequency  response  of  aroxind  100  Hz. 

Another  difference  between  the  test  and  analysis  results  is  the  type  of 
filters  employed  by  both.  The  analysis  uses  a 70  Hz  low  pass  filter  which 
is  down  3 db  at  70  Hz  and  has  a slope  of  6 DB/octave  above  this  point.  The 
test  data  is  reduced  with  a 100  Hz  filter  with  a slope  of  20-30  DB/octave 
above  100  Hz.  While  the  analysis  attempts  to  compensate  for  the  differences 
in  filter  high  frequency  rejection  by  using  a lower  cutoff  frequency,  the  two 
filters  are  sufficiently  different  to  distort  the  history  comparisons  involving 
high  frequency  response  components. 

6.1. U Occupant  Response 

The  occupant-seat-restraint  system  is  modeled  in  KRASH  as  described  in 
Section  5.1  and  is  shown  in  Figure  5-^.  The  modeling  in  KRASH  is  not  intended 
to  be  as  elaborate  or  detailed  as  the  modeling  of  an  occupant-seat-restraint  sys- 
tem such  as  that  described  in  Reference  6.  However,  KRASH  does  provide  data 
which  can  be  useful  in  the  evaluation  of  the  occupants'  potential  for  survival 
during  a crash  condition.  Included  in  the  available  data  are  floor  responses, 

DRI  responses,  member  rupture  information,  energy  absorption  distribution,  cabin 
deformations  and  stress  monitoring.  Figure  6-10  shows  the  DRI  responses  for 
the  pilot  and  copilot.  The  DRI's  have  maximum  values  of  8.8  and  9*9  for  the 
pilot  and  copilot,  respectively.  The  peak  values  occur  approximately  .102  sec- 
onds after  impact.  Based  on  data  presented  in  Reference  11,  there  is  little 
or  no  probability  that  a spinal  vertabrae  compression  injury  would  occur  with 
the  type  of  airplane  and  crash  impact  conditions  involved.  The  low  DRI  values 
indicating  little  likelihood  of  a spinal  compression  injury  agrees  in  general 
with  the  measured  acceleration  responses  which  are  substantially  below  the 
threshold  of  tolerance  for  occupants  as  noted  in  Section  3.1.^. 

Figure  6-11  shows  the  pilot  and  copilot  lower  torso  vertical  acceleration 
responses  obtained  from  the  analysis  as  well  as  the  pilot  and  copilot  pelvic 
vertical  acceleration  responses  measured  during  the  test.  The  peak  values  and 
times  of  occurrence  are  noted  in  Table  6-T. 
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Figure  6-10.  Pilot  and  Copilot  DRI's  Versus  Time, 

Obtained  by  Analysis,  Test  1 

From  Figure  6-11  it  can  be  seen  that  the  analysis  data  follows  very 
closely  the  test  data  until  approximately  .110  seconds  after  impact.  Both 
the  pilot  and  copilot  vertical  responses  reach  higher  peaks  at  approximately 
.120  seconds.  However,  this  is  in  a region  of  time  where  many  cheuinels  of 
the  test  data  are  questionable.  In  comparing  the  responses  up  to  .110  seconds, 
the  test  peak  values  vary  between  +5.0  and  -Uo  percent  as  compared  to  the 
analysis  and  are  within  .003  to  .OlU  seconds  of  each  other.  If  the  higher 
copilot  test  peak  value  is  included  the  difference  is  20.8  and  not  5 percent. 

If  the  higher  pilot  vertical  peak  response  at  .125  seconds  were  included  the 
discrepency  would  be  +Ul  percent  Instead  of  -UO  percent.  In  the  longitudinal 
direction  there  is  a large  discrepancy  between  the  test  and  analysis  peak 
values  and  their  time  of  occurrence.  The  analytical  peaks  are  between  UO  and 
50  g's  versus  10  to  15  g's  noted  in  the  test  traces.  In  the  analysis  the 
occupant  lower  torso  and  seat  masses  are  lumped  together  and  the  occupant  is 
restrained  by  a tension-only  member  connecting  to  the  occvqpant's  upper  torso 
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Figure  6-11.  Comparison  of  Analysis  and  Test  Pilot  and  Copilot 
Pelvic  Vertical  Accelerations,  Test  1 
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TABLE  6-7.  COMPARISON  OF  PILOT  AND  COPILOT  PELVIC  VERTICAL 
ACCELERATIONS  FOR  ANALYSIS  VERSUS  TEST,  TEST  1 


Analysis 

Test 

Percent 

Difference 

(b) 

Time 

Difference 

(c) 

Location 

Direction 

^Peak 

Time 

(a) 

*^Peak 

Time 

(a) 

Pilot 

Pelvis 

Up 

1 

35.0 

35.1* 

.099 

.110 

25 

(d) 

.096 

-Uo. 

-.003  to 

-O.OlU 

Copilot 

Pelvis 

Up 

1 38.1 
j 

.099 

ko 

.092 

5.0 

-.007 

(38.1 

.099 

1*8 

.120 

20.8 

.021 

(a)  Time  in  Seconds  after  Impact 

(b)  Percent  Difference  = Test  Value -Analysis  Value/Test  Value  x 100 

(c)  Time  Difference  = (Test  Value-Analvsis  Value/Test  Value)  x 100 

(d)  Ignores  higher  test  peak  value  (60g)  at  .125  seconds. 


from  the  upper  cabin  structure.  The  model  does  not  .contain  a seat  belt  repre- 
sentation. This  is  not  a rigorous  model  in  that  flexibility  betveen  the 
occupant  and  seat  is  not  included  and  the  manner  in  which  the  occupant  is 
restrained  is  very  crudely  represented.  The  film  analysis  shows  that  there  is 
significant  fore-aft  motion  of  the  occupant  which  is  not  properly  modeled  in 
KRASH.  Of  significance  are  the  floor  responses  and  potential  for  seat  leg 
failures.  This  data  can  be  used  in  rigorous  occupant-seat-restraint  system 
models . 

Table  6-8  summarizes  the  analytical  results  wherein  stresses  were  monitored 
for  the  occupant  seat  legs.  In  the  analysis  the  pilot  and  copilot  forward  in- 
board seat  legs  failed  due  to  shear  forces  in  the  longitudinal  direction.  These 
failures  occurred  in  the  analysis  at  approximately  .083  seconds  after  impact. 

In  the  test,  failure  of  the  pilot  front  seat  legs  was  observed  from  film 
analysis  to  occur  at  approximately  .095  seconds  after  impact.  The  analysis 
results  (Table  6-8)  based  on  the  maximum  shear  stress  theory  indicate  that 
the  shear  yield  is  exceeded  at  each  of  the  legs  except  for  the  copilot  rear 
inboard  seat  leg  between  .075  and  .099  seconds  after  impact.  Maximum  stress 
ratio  values  of  1.00  to  1.76  are  experienced.  The  actual  stress  ratio  is  not 
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TABLE  6-8.  STRESS  RATIO  RESULTS  OBTAINED  BY  ANALYSIS,  TEST  1 


Location 


(c)  Time  at  Which 

Member  Stress  Ratio  >1.0 

i - J (a) 


Maxira'.m.  rihress 
Ratio  Value 


Pilot  leat  Legs 

Forward  Outboard  6-20 
Forward  Inboard  l8  - 20 
Rear  Inboard  20  - 27 
Rear  Outboard  1*0-28 

Copilot  Seat  Legs 

Forward  Outboard  3L  - UU 
Forward  Inboard  I8  - UU 
Rear  Inboard  27  - 1*1* 
Rear  Outboard  1*1*  - 1*8 


1.31  (b) 


1.73  (b) 


(a)  Time  in  Seconds  ' 

(b)  Seat  leg  fails 

(c)  See  Table  5-1  and  5-2,  and  Figures  5-3,  5-1*  J 

as  sigsnificant  as  the  fact  that  stress  ratios  between  1.0  and  1.5  sti  o-  u..iiieved 
indicating  a high  potential  for  seat  shear  failures  to  occur.  The  stress 
ratios  are  not  accurate  as  an  absolute  measure  of  predicting  failure  but  they 
do  provide  the  user  with  a relative  means  of  assessing  potential  failures. 


6.2  TEST  2 ANALYSIS  AND  TEST  COMPABISONS 


6.2.1  Sequence  of  Events 

The  analytical  results  were  obtained  using  the  U8  mass,  100  member  model 
described  in  Section  5.1.  The  sequence  of  events  as  obtained  by  analysis 
versus  that  obtained  from  film  analysis  is  shown  in  Table  6-9,  The  euialysis 
was  run  for  a crash  duration  of  .lU4  seconds.  From  Table  6-9  it  can  be  seen 
that  all  significant  events  occur  within  seconds.  For  the  analysis,  the 

occurrence  of  the  maximum  main  gear  deflection  is  estimated  from  the  available 
computer  data.  The  analysis  agrees  with  the  test  data  within  .015  seconds. 

Both  the  analysis  and  test  results  show  a lack  of  structural  damage  except  for 
some  buckling  of  the  tail  section  and  the  lower  forward  fuselage  and  firewall 
regions.  The  change  in  airplane  eg  translational  velocity,  longitudinal  and 
vertical,  obtained  by  analysis  is  shown  in  Figure  6-12.  For  reference,  several 
test  points  estimated  from  the  film  analysis  are  also  shown  in  Figure  6-12. 

The  test  results  indicate  that  the  airplane  vertical  component  of  velocity 
reaches  zero  in  approximately  .150  seconds  after  impact.  The  analysis  indicates 
that  the  vertical  component  of  velocity  will  be  reduced  to  zero  by  approximately 
.160  seconds.  The  change  in  velocity  components  obtained  by  analysis  agrees 
with  the  test  data. 

As  is  observed  in  the  high  speed  films,  the  crash  sequence  (Figure  3-1^), 
and  the  post-crash  airplane  condition  (Figures  3-15  through  3-20),  the  airplane 
rebounds  off  the  main  gears  onto  the  nose  gear  which  fails  at  its  lower  support. 
Thereafter,  the  airplane  moves  down  the  runway  in  a nose  down  attitude,  finally 
coming  to  rest  on  the  damaged  nose  gear  euid  undamaged  main  gears.  The  velocity 
plots  shown  in  Figure  6-12  illustrate  this  motion  up  until  the  initial  rebound. 
However,  the  significant  events  have  occurred  during  this  time  interval. 

The  analytical  data  regarding  the  temporal  and  spatial  distribution  of 
energy  are  shown  in  Figure  6-13.  Included  in  the  plot  is  the  total  energy  and 
its  components  (kinetic,  potential,  strain,  damping,  crushing  and  friction)  as 
a function  of  time.  As  can  be  expected,  at  the  initiation  of  the  crash  impact 
the  kinetic  energy  ( s 955^)  and  the  potential  energy  ( =<  5^)  account  for  all  the 
energy.  Thereafter,  the  energy  is  redistributed  in  the  form  of  strain,  friction. 


6-2k 


TABLE  6-9.  COMPAPISON  OF  ANALYSIS  AND  TEST  SEQUENCES,  TEST  2 


(a) 

Time-Seconds 

Sequence 

Analysis 

Test 

Right  Main  Gear  Tire  Impact 

0 

0 

Left  Main  Gear  Tire  Impact 

.021 

.023 

Tail  Impact 

.033 

.033 

Nose  Gear  Tire  Impact 

.051 

.0U6 

Nose  Gear  Support  Structure  Failure 

.061+ 

.070 

Tail  Contact  Relieved 

.099 

.108 

Maximum  Main  Gear  Deflection 

.11+1+ 

(a)  After  Impact 

(b)  Estimated  from  airplane  eg  velocity 

history 

(c)  Estimated  from  analysis  data 


structural  damping  and  crushing.  Table  6-10  shows  the  distribution  of  energy 
components  as  a percentage  of  the  total  energy.  The  peeik  values  occur  at  the 
conclusion  of  the  analysis.  Compared  to  the  first  test  results  the  magnitude 
of  the  energy  components  are  very  small.  Kinetic  energy  has  decreased  to 
75  percent  of  the  total  from  95  percent  at  time  zero.  The  strain  energy  peak 
is  only  3.7  percent  of  the  total.  The  crushing  is  Just  under  3 percent. 

Damping  and  friction  energies,  which  will  continue  to  rise  until  the  airplane  , 

comes  to  rest,  are  .7  and  15.5  percent,  respectively.  The  potential  energy  is  ^ 

reduced  to  2.5  percent,  and  while  it  will  fluctuate  somewhat  as  the  airplane  i 

pitches,  its  magnitude  will  not  change  significantly.  The  distribution  of  | 

energies  appears  consistent  with  the  test  results  in  that  little  deformation  | 

occurs  during  the  crash  test.  The  strain  energy  distribution  from  the  analysis 
shows  a heavy  contribution  from  the  main  Isuiding  gears  and  the  supporting  1 

structure  initially  after  impact.  Thereafter  the  contribution  from  the  forward  j 

fuselage  structure  to  the  strain  energy  increases . The  crushing  energy  ] 
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Figure  6-12,  Comparison  of  Analysis  and  Test  Longitudinal  and  Vertical  Velocities,  Test  2 
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Figure  6-13.  Total  Energy  and  Energy  Components  Obtained  by  Analysis,  Test  2 
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TABLE  6-10.  SUMMARY  OF  ENERGY  COMPONENTS  OBTAINED  BY  ANALYSIS,  TEST  2 


Energy  Component 

Peak  Percent  Value 
and 

Time  of  Occxirrence 

Percent 

Time^®'^ 

Strain 

1*.17 

.liiU 

Dsunping 

.68 

.lUU 

Crushing 

1.85 

.lUU 

Friction 

16  .1* 

.lUU 

(a)  Time  in  seconds 

comes  primarily  from  the  deflection  of  the  main  and  nose  gear  tires.  The 
friction  energy  continues  to  increase  as  the  airplane  slides  out  after  the 
crash.  The  remaining  kinetic  energy  reflects  the  fact  that  the  airplane  is 
still  moving  forward  with  a relatively  high  longitudinal  velocity  at  time  = 

.1UI4  seconds  (Figure  6-13).  The  total  energy  at  the  conclusion  of  the  analy- 
sis is  99.95  percent  which  is  within  ±.05  percent  of  the  initial  value. 

6,2.2  Deflections,  Deformations  and  Failures 

Table  6-11  shows  a comparison  between  analysis  and  test  with  regard  to 
failures.  The  analysis  agrees  very  well  with  the  test  results.  The  analysis 
shows  both  nose  gear  support  structures  (upper  and  lower)  fail  while  the  test 
shows  only  the  lower  support  fails.  The  analysis  also  indicates  the  tailcone 
yielding  at  .126  seconds  and  a right  main  gear  excessive  rotation  at  .107  sec- 
onds. These  events  do  not  occur  during  the  test.  The  tailcone  is  modeled 
very  crudely  in  KRASH  because  its  post  crash  behavior  is  not  considered  a sig- 
nificant influence  on  occupant  safety.  In  fact,  for  the  analysis  the  tail  masses 
are  altered  to  provide  the  proper  airplane  weight  and  eg.  The  rotation  failure 
of  the  main  gear  represents  an  allowable  magnitude  that  is  estimated  for  analysis 
purposes.  It  indicates  that  there  is  a potential,  for  this  type  of  impact  and 
airplane  configuration,  for  a landing  gear  failxire  to  occur.  The  analysis 
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j TABLE  6-11.  COMPABISON  OP  ANALYSIS  AND  TEST  FAILURES,  TEST  2 


Location 

Analysis 

Test 

Seat  Leg  Failures 

No^^^ 

No^^^ 

No^^^ 

No^^^ 

Pilot  Forward 

No 

Pilot  Rear 

No 

Copilot  Forward 

No 

Copilot  Rear 

No 

Tailcone  Yield  or  Buckle 

Yes 

No 

Nose  Gear  Failures 

Lower  Support 

Yes 

Yes 

Upper  Support 

Yes 

No 

Main  Landing  Gear  Failures 

Yes 

Gear 

No 

Support  Structure 

No 

No 

Wing  Spar  Failures 

Left  Wing 

No 

No 

Right  Wing 

No 

No 

Wing  Column  Strut  Failures 

Left  Wing 

No 

No 

Right  Wing 

No 

No 

Engine  Mounts  Buckle 

No 

No 

(a)  Based  on  no  failures  and  stress  ratio  <1.0 

(b)  Right  gear 

shows  that  the  engine  mounts  do  not  yield  which  also  agrees  with  the  test  data. 
While  there  is  some  yielding  of  structure  in  the  analytical  results , the  asso- 
ciated deflections  are  very  small.  The  analysis  of  Test  1 showed  these  same 
j elements  compressing  and/or  bending  several  inches.  The  analysis  shows  that 

the  cabin  region  remains  essentially  unchanged  as  would  be  expected  from  an 
evaluation  of  the  test  results.  The  maximum  deflections  of  the  external  springs 
are  shown  in  Table  6-12.  The  tire  and  tail  structure  deformations  appear 
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TABLE  6-12.  MAXIMUM  EXTERNAL  SPRING  DEFLECTIONS  OBTAINED  BY  ANALYSIS,  TEST  2 


Mass 

No.^a^ 

Maximum 

Location 

Deflection,  Inches 

1 

Nose  Geea"  Tire 

3.8 

2 

Left  Main  Gear  Tire 

5.9 

3 

Tail  Structure,  F.S.  205 

2.23 

29 

Lower  Finewall  (Center)  F.S.  0.0 

1.8 

30 

Tail  Structure,  F.S.  228 

2.5 

31 

Right  Main  Gear  Tire 

5.9 

(a)  See 

! Figure  5-3,  Tables  5-1  and  5-2 

reasonable  when  compared  to  the  test  results.  The  analysis  shows  some  slight 
contact  between  the  lower  firewall  and  forward  fuselage  regions  with  the  ground 
after  .135  seconds.  In  the  test  no  such  contact  vis  noted.  However,  this 
contact  is  slight  and  causes  a deflection  of  .9  to  1.8  inches.  The  analysis 
shows  that  there  was  no  contact  with  the  ground  of  the  midcabin  lower  fuselage. 
During  the  test  the  main  landing  gear  deflected  substantially  but  the  fuselage 
underside  barely  missed  touching  the  ground.  Analytically,  the  main  landing 
gears  deflect  approximately  l6.1+  and  lU  inches  for  the  right  and  left  side, 
respectively.  The  test  shows  a peak  deflection  of  approximately  l6  inches. 

In  both  the  analysis  and  the  test  there  is  no  contact  between  the  cabin 
fuselage  underside  and  the  ground. 

The  fact  that  Test  2 experienced  virtually  no  interned  structure  deforma- 
tion provided  valuable  inputs  with  which  to  evaluate  the  proper  selection  of 
deflection  values  at  which  nonlinearities  occur.  As  noted  earlier  in 
Section  5 "Math  Model  Descriptions",  program  KRASH  computes  preliminary  loads 
and  deflections  which  can  be  used  as  a guideline  as  to  the  magnitude  of  initial 
nonlinear  deflection  values  to  input  into  KRASH. 
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6.2.3  Structiire  Responses 


Figures  6-lU  through  6-l8  show  the  comparison  of  analysis  and  test 
structure  responses  at  various  locations  throughout  the  airplane.  Table  6-13 
summarizes  both  sets  of  results.  The  engine  responses  are  compared  in  Fig- 
ure 6-lU.  From  Figure  6-lU  it  can  be  seen  that  the  analyticsQly  obtained 
response  shape  appears  to  lag  the  test  response  curve  by  .015  to  .030  seconds. 
While  the  peak  values  differ  substantially  the  actual  difference  is  in  the 
order  of  3.6  to  8.0  g's  in  the  vertical  and  longitudinal  directions.  In  the 
down  direction  there  is  a trsuisient  16.2  g response  which  occurs  after  the 
. nose  gear  support  structure  fails.  When  elements  ruptiure  in  the  program  a 
momentary  force  discontinuity  sometimes  occurs.  This  response  reflects  that 
discontinuity.  In  Test  2 there  is  no  contact  between  the  engine  tuid  the 
ground.  Thus  the  engine  response  reflects  load  paths  from  the  nose  gear  via 
the  firewall  and  cabin  structure. 

The  floor  responses  are  shown  in  Figures  6-15,  6-l6  and  6-17  for  F.S.  27, 
F.S.  60  and  F.S.  90-108,  respectively.  Overall  the  peak  values  agree  within 
-10  to  +20  percent  and  their  times  of  occurrence  agree  within  .OOU  to  .033  sec- 
onds. The  test  data  appears  more  oscillatory  than  the  aneJ.ysis  data,  particu- 
larly in  the  vertical  direction.  However,  in  the  longitudinal  direction  the 
analysis  data  exhibits  about  the  same  frequency  characteristics  as  the  test 
I data.  The  wing  responses  are  compared  in  Figure  6-l8.  The  differences  between 

the  analysis  euid  test  are  in  the  order  of  3 to  Uo  percent  and  .006  to  .032  sec- 
onds for  peak  value  and  time  of  occurrence  comparisons.  An  examination  of  the 
response  curves  shown  in  Figures  6-15  through  6-l8  shows  the  test  data  to 
exhibit  more  oscillatory  motion,  as  can  be  expected,  than  the  analysis  data. 
While  in  some  instances  the  differences  appear  to  be  large  percentage-wise,  the 
responses  are  relatively  low  in  magnitude  as  compared  to  Test  1,  and  the  actual 
difference  is  usually  less  than  a few  g's. 

6.2.U  Occupant  Response 

The  analysis  was  performed  using  the  same  occuiiant-seat-restraint  system 
modeled  for  Test  1.  The  math  model  is  described  in  Section  5.1.  Figure  6-19 
shows  the  analytically  obtained  DRI  responses  for  the  pilot  and  copilot.  The 
DRI's  reach  maximum  values  of  9il  and  8.5  at  approximately  .099  and. 102  seconds 
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Figure  6-lU.  Comparison  of  Analysis  and  Test  Engine  Vertical 
and  Longitudinal  Accelerations,  Test  2 
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Figure  6-15.  Comparison  of  Analysis  and  Test  Floor  Vertical  and 
Longitudinal  Accelerations,  F.S.  27,  Test  2 
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Figure  6-l6.  Comparison  of  Analysis  and  Test  Floor  Vertical  end 
Longitudinal  Accelerations,  F.S.  60,  Test  2 
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Figure  6-17.  Comparison  of  Analysis  and  Test  Floor  Vertical  and 
Longitudinal  Accelerations,  F.S.  90-108,  Test  2 
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Figure  6-10,  Comparison  of  Analysis  and  Test  Wing  Vertical  and 
Longitudinal  Accelerations,  Test  2 
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TABLE  6-13.  COMPARISON  OF  ANALYSIS  AND  TEST  STRUCTURE  RESPONSES,  TEST  2 
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Figure  6-19.  Pilot  and  Copilot  DRI's  versus  Time,  Obtained 
by  Analysis,  Test  2 


after  impact,  for  the  pilot  and  copilot,  respectively.  Based  on  the  data 
presented  in  Reference  11,  the  probability  of  a spinal  compression  injury  is 
negligible.  The  DRI  would  have  to  reach  a value  of  l8  to  give  a 10  per- 
cent probability  of  injury.  The  potential  for  this  type  of  injury  is  slightly 
higher  in  Test  1 as  compared  to  Test  2.  However,  in  both  tests  the  possibility 
of  a spinal  injury  appears  remote. 

Fig\are  6-20  shows  the  pilot  and  copilot  lower  torso  vertical  acceleration 
responses  obtained  by  analysis  as  well  as  the  pilot  and  copilot  pelvic  re- 
sponses measured  during  the  test.  The  peak  loads  and  times  of  occiirrences  are 
noted  in  Table  6-11* . The  comparison  presented  in  Table  6-lU  shows  the  analysis 
to  be  in  agreement  with  the  test  data  within  8.6  to  20  percent  for  peak  values 
and  .Oli*  to  .015  seconds  in  time  of  occurrence.  From  Figure  6-20  there  are 
sharp  downward  pulses  which  occur  in  the  analytical  curves  between  .llU  and 
.117  seconds.  These  are  attributed  to  a discontinuity  of  forces  which  occvir 
after  the  main  gear  exceeds  its  allowable  rotation. 

It  is  noteworthy  that  the  analytically  determined  times  of  occurrence  of 
peak  DRI's  and  lower  torso  responses  are  in  good  agreement  with  the  correspond- 
ing test  signals.  In  the  longitudinal  direction  the  analysis  shows  peak 
accelerations  of  10.7  forward  and  8.1  aft  for  the  pilot  and  copilot  lower  torso, 
respectively.  The  test  data  shows  only  forward  acceleration  responses 
for  the  occupants.  The  peak  forward  accelerations  obtained  by  aneLLyais  for 
the  pilot  and  copilot  lower  torso  are  11. U and  8.1,  respectively.  The 
corresponding  measxired  data  in  the  pelvic  region  are  8.0  and  7.0,  respectively. 
The  results  are  baaed  on  recorded  acceleration  data  only,  since  the  onboard 
cameras  did  not  function  during  Test  2. 

The  monitored  stresses  for  the  occupant  seat  legs  showed  extremely  low 
values  achieved  during  analysis  of  the  crash  test.  The  peak  maximian  shear 
stress  ratio  values  obtained  during  the  analysis  of  Test  2 are  shown  in 
Table  6-15.  7!he  stress  ratios  indicate  that  at  all  the  seat  leg  locations 
there  is  little  probability  that  a shear  failure  will  occur.  All  the  ratios 
are  substantially  below  1.0.  The  stress  ratio  results  are  consistent  with 
Test  2 data  and  Test  1 analysis  resxilts. 
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Flgiire  6-20.  Comparison  of  Analysis  and  Test 

Pilot  and  Copilot  Pelvic  Vertical 
Accelerations,  Test  2 
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TABLE  6-15.  STRESS  RATIO  RESULTS  OBTAINED  BY  ANALYSIS,  TEST  2 


Location 

Member 

i-j'*' 

Maximum 

Stress 

Ratio  Value 

Pilot  Seat  Legs 

Forward  Outboard 

6-20 

VO 

00 

Forward  Inboard 

18-20 

.82 

Rear  Inboard 

20-27 

.71 

Rear  Outboard 

20-28 

.83 

Copilot  Seat  Legs 

J 

Forward  Outboeurd 

3U-kU 

.6U 

Forward  Inboard 

18-UU 

.7** 

Rear  Inboard 

27-kk 

.6U 

Reenr  Outboard 

kk-kQ 

.77 

(a)  See  Figtires  5-3  smd  ! 

5-U,  Tables  5-1  and 

5-2 

6.3  TEST  3 ANALYSIS  AMD  TEST  COMPARISONS 
6.3.1  Sequence  of  Events 

The  analytical  results  are  obtained  using  the  48  mass,  100  member  model 
described  in  Section  5.1.  The  sequence  of  events  as  obtained  by  analysis  i 

versus  that  obtained  from  film  analysis  is  shown  in  Table  6-I6.  The  analysis 
and  test  include  events  up  to  .120  seconds  after  impact.  The  most  significant 
events  with  regard  to  damage,  failures  and  responses  occur  within  .120  seconds. 

The  sequence  of  events  compares  favorably  except  for  the  times  of  occurrence 
of  the  wing  tip  impact  and  the  wing  strut  column  failure. 

Some  of  the  events  obtained  from  film  analysis  cannot  be  ascertained  from 
the  analytical  results.  The  impact  of  the  occupants  heads  with  the  instrument 
panel  and  the  departure  of  the  copilot ' s rear  seat  leg  from  the  floor  guide 
track  were  obtained  from  analysis  of  the  onboard  camera  films.  The  analysis 
does  not  model  the  occupant  in  detail  and,  therefore,  no  comparison  is  made 
with  the  test  results  insofar  as  occupant  motion  is  concerned.  Based  on 
analytical  stress  ratios,  the  potential  for  a rear  seat  leg  failure  exists  at 
.08T-.090  seconds  after  impact. 

The  change  in  airplane  c.g.  translational  velocities,  longitudinal  and 
vertical,  is  shown  in  Figtire  6-21.  The  analysis  results  indicate  that  the 
airplane  vertical  velocity  is  arrested  in  approximately  .072  seconds.  The 
film  analysis  indicates  a much  longer  period  (.135  seconds)  before  the  velocity 
is  arrested.  The  estimate  of  the  eg  velocity  is  difficult  because  the  air- 
plane rotates  onto  the  left  main  gear  tire  which  is  not  fully  compressed  until 
.162  seconds  after  impact.  Both  the  analysis  and  test  resxilts  indicate  that 
the  airplane  longitudinal  velocity  is  slowly  arrested  as  a result  of  friction 
between  the  structure  and  the  ground  during  its  slide-out.  However,  the 
analysis  tends  to  show  a more  rapid  change  in  velocity  that  does  the  test. 

The  spatial  and  temporal  distribution  of  energy  for  Test  3 is  obtained 
by  analysis.  Figure  6-22  shows  the  total  energy  and  its  components  (kinetic, 
potential,  strain,  damping,  crushing  and  friction).  At  impact,  kinetic  energy 
(94.8^)  and  potential  energy  (5.2J5)-'accound  for  all  the  energy.  Thereafter, 
the  energy  is  redistributed  in  the  form  of  strain,  structural  damping,  crushing 
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TABLE  6-16.  COMPARISON  OP  TEST  AND  ANALYSIS  SEQUENCES,  TEST  3 


(al 

Time  in  Seconds 

Event 

Analysis 

Test 

Nose  Gear  Tire  Impact 

0 

0 

Nose  Gear  Support  Falliare 

.007^^^ 

.012 

Engine  Lower  Structure  Impact 

,033 

.02U 

Propeller  Impact 

.027 

.032 

Right  Wing  Tip  Impact 

.063 

.038 

Lower  Firewall  and  Forw^d  Fuselage 

Left  Side  Impact 

.0U5 

.0U8 

Right  Main  Gear  Tire  Impact 

.060 

.062 

Tail  Cone  Buckle 

.099 

.075 

Left  Wing  Strut  Column  Falltire 

.0U9 

ITS 

CO 

0 

Copilot  Seat  Aft  Leg  Departs  Rail 

.087-.  090^*^^ 

.090 

Pilot  Head  Impacts  Instrument  Panel 

(c) 

.092 

Copilot  Head  Impacts  Instrument  Panel 

(c) 

.120 

(a)  After  initial  impact 

(b)  Lower  support  followed  by  upper  support  attachment  failure 

(c)  Not  available  from  analysis 

(d)  Potential  seat  failure  based  on  maximum  shear  stress  theory 

(e)  Left  main  gear  tire  l]iq>act  (.13^)  and  left  rear  spar  failure  (.l6o) 
not  Included  since  time  (max)  ■ .120  seconds. 
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Figure  6-22.  Total  Energy  and  Energy  Components  Obtained 
by  Analysis,  Test  3 
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and  ground  friction.  Table  6-17  shows  the  distribution  of  the  energy 
components  as  a percentage  of  the  total  energy.  Included  in  Table  6-l6  is 
the  maximum  percent  value  and  its  time  of  occurrence  as  well  as  the  percent 
of  total  energy  at  the  conclusion  of  the  analysis.  The  strain  energy  reaches 
a peak  of  17.8  percent  of  the  total  energy  at  .075  seconds.  However,  from 
.057  to  .120  seconds  strain  accounts  for  at  least  l/8th  of  the  total  energy. 
Compared  to  Test  1 results,  the  strain  energy  is  increased  by  56  percent. 

Based  on  the  damage  observed  in  the  two  post-crash  vehicles,  the  comparative 
Test  1 and  Test  3 analytical  strain  energy  results  are  realistic.  Crushing 
energy  peaks  at  12.5  percent  of  the  total  at  .051  seconds.  Thereafter  crush- 
ing energy  reduces  to  only  3 percent  of  the  total.  The  reduction  from 
12.5  to  3.0  percent  is  indicative  of  relatively  severe  unloading  of  crushable 
structure.  Compared  to  Test  1 results  the  increase  (80  percent)  in  peak 
crushing  energy  as  a percent  of  the  total  energy  is  consistent  with  the  rela- 
tive severity  of  damage  experienced  by  both  test  vehicles.  The  total  energy 
associated  with  Test  3 is  3.39  x 10^  in. -lb  versus  3.07  x 10^  in. -lb  for 
Test  1,  an  increase  of  10. U percent.  Consequently,  the  magnitude  of  the  strain 
and  crushing  energies,  as  well  as  the  percentages,  have  increased  substantially 
between  Test  1 and  Test  3.  The  damping  euid  friction  energies,  as  expected, 
are  at  peak,  values  at  the  conclusion  of  the  analysis  and  will  continue  to  in- 
crease since  they  are  not  reversible.  Potential  energy  reduces  to  3.62  per- 
cent of  the  total  at  time  = .120  seconds.  For  reasons  described  in  Sec- 
tion 6.1.1  the  potential  energy  should  exhibit  little  or  no  change  from  this 
latter  value.  The  total  energy  at  the  conclusion  of  the  analysis  is  100.1 
percent,  which  is  very  good  in  terms  of  analysis  stability. 


TABLE  6-17.  SUMMARY  OF  ENERGY  COMPONENTS  OBTAINED  BY  ANALYSIS,  TEST  3 


Energy 

Component 

Peak  Percent  Value 
and  Time  of  Occurence 

Percent  VaJ-ue  at 

Time  = .120  Seconds 

Percent 

Time  { a ) 

Strain 

.075 

13.9 

Damping 

.120 

U.28 

Crushing 

.051 

2.97 

Friction 

Ul.83 

.120 

1*1.83 

(a)  Seconds 

after  impact 

I 

1 


I 

! 


The  distribution  of  the  strain  energy  as  a function  of  airplane  location 
and  time  is  shown  in  Figiore  6-23*  In  addition  to  the  percentages,  the  total 
strain  energy  history  is  prer  ited.  Immediately  after  impact  very  little 
strain  energy  is  absorbed  by  the  structure.  As  in  the  case  of  Test  1 (Section 
6.1.1)  most  of  the  strain  energy  up  until  .OUO  seconds  is  associated  with  the 
nose  gear  and  support  structure.  However,  the  magnitude  is  extremely  small. 
Thereafter  the  strain  energy  distribution  shifts  to  the  firewall,  forward 
fuselage  and  midcabin  regions,  respectively,  as  these  regions  contact  the 
ground. 

6.3.2  Deflections,  Deformations  and  Failures 

Table  6-18  shows  a comparison  between  analysis  and  test  with  regard  to 
failures.  Diiring  Test  3 the  pilot's  front  seat  legs  fail  and  the  copilot's 
front  and  rear  seat  legs  pull  loose  from  the  floor  tracks.  The  analysis  does 
not  show  shear  failure  occurring,  however,  it  does  show  the  potential  for 
exceeding  the  shear  stress  capability  at  several  of  the  seat  leg  attachment 
locations  (see  Section  6.3.^).  The  analysis  depicts  tailcone  buckling,  nose 
gear  support  failures,  wing  spar  and  strut  failures  and  substantial  engine 
mount  buckling.  The  analysis  shows  that  the  right  main  leuiding  gear  bulkhead 
load  in  the  longitudinal  direction  is  TO  percent  of  the  failure  load  and  rising 
at  time  = .120  seconds.  The  extent  of  the  damage  as  a resxiJ.t  of  the  failure 
of  the  right  main  gear  support  struct\ire  during  Test  3 appeared  to  be  less 
severe  when  compared  to  Test  1 damage.  Fxirthermore , film  analysis  could  not 
detect  when  the  bulkhead  failure  may  have  occurred.  The  analysis  shows  that 
the  upper  engine  mounts  deflect  axially  over  U inches  which  indicates  that  the 
engine  housing  can  contact  the  firewall.  The  test  results  indicate  that  the 
engine  did  contact  the  firewall.  The  overall  deformation  of  the  structure  is 
shown  in  Figure  6-2U.  For  reference  the  undeformed  cabin  is  also  shown  in 
Figure  6-2U. 

The  extensive  deformation  of  the  cabin  region  observed  in  the  test  films 
is  not  evident  in  the  analysis.  The  major  difference  is  the  failure  of  the 
analysis  to  predict  the  large  vertical  discontinuity  in  the  cabin  roof  area 
(above  the  left  door,  element  5-8,  Figure  5-3).  If  this  region  were  modeled 
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Figure  6-23.  Strain  Energy  Distribution  Histories  Obtained  by 
Analysis,  Test  3 
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TABLE  6-18.  COMPARISON  OF  ANALYSIS  AND  TEST  FAILURES,  TEST  3 


Location 

Ansdyses 

Test 

Seat  Leg  Failures 

Pilot  Forward 

Yes^^^ 

Yes 

Pilot  Rear 

Yes^^) 

No 

Copilot  Forward 

Yes^^^ 

Copilot  Rear 

Yes^^^ 

Yes^^) 

Tailcone  Buckles  Yield 

Yes 

Yes 

or  Failure 

Nose  Gear  Failures 

Lower  Support  Structure 

Yes 

Yes 

Upper  Support  Structure 

Yes 

Yes 

Main  Landing  Gear  Failures 

Gear 

No 

No 

Support  Structure 

No 

Yes 

Wing  Spar  Failures 

Left  Wing 

Yes 

Yes 

Right  Wing 

Yes 

Yes 

Wing  Column  Strut  Failures 

Left  Wing 

Yes 

Yes 

Right  Wing 

No 

No 

Engine  Mount  Buckle 

Yes 

Yes 

(a)  Based  on  stress  ratio  >1.25  at  either  inboard  or  outboard  leg. 

(b)  Pulls  loose  from  floor  track 


Figure  6-2k.  Comparison  of  Analysis  and  Test  Cabin  Deformations,  Test 


more  accurately  to  reproduce  this  failure,  the  remainder  of  the  structure 
would  then  behave  more  like  the  test  results.  A summary  of  peak  member  de- 
flections is  shown  in  Table  6-19*  The  external  spring  peak  deflections  are 
shown  in  Table  6-20.  The  data  presented  in  both  tables  are  obtained  analyti- 
cally. The  analytically  obtained  deflections  are  Substantially  greater  than 
Test  1 results,  which  is  expected  due  to  the  relative  damage  sustained  by  the 
Test  1 and  Test  3 airplanes. 


TABLE  6-19.  MEMBER  DEFLECTIONS  OBTAINED  BY  ANALYSIS,  TEST  3 


Member 

Element 

Node  Points 

Deflection 

inches 

Axial 

Engine  Mount 

9-13,  13-38 

i*.o 

Forward  Fuselage 

6-9,7-9,31^-37,35-37 

3.0 

Firewall 

9-10,  37-38 

1.6 

Bending 

Landing  Gears 

2-1*,  31-32 

9.2 

Forward  Door  Post  - Lower 

6-7,  3U-35 

5.0 

Upper 

7-8,  35-36 

1.7 

Rear  Door  Post  - Lower 

l*-23,  23-1*7 

2.3 

Upper 

5-23,  33-1*7 

2.0 

Firewall 

9-10,  37-38 

1.0 

Tunnel  Structure 

18-26,  18-29 

6. 1-6. 8 

Forward  Fuselage 

6- 9,  3l*-37 

7- 10,  35-38 

6. 6-7.1 

(a)  See  Math  Model  Description,  Figiure  5-3,  Tables  5-*  and  5-2 
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TABLE  6-20.  MAXIMUM  EXTERNAL  SPRING  DEFLECTIONS 
OBTAINED  BY  ANALYSIS,  TEST  3 


r 

Deflection, 

Inches 

Location 

Longitudinal 

Vertical 

1 

Nose  Gear  Tire 

3.73 

3.98 

2,31 

Main  Gear  Tires 

1.1*2 

3.3I* 

13 

Engine  Structure 

18.2 

!<.23^^^ 

10.6(^) 

13.0^*^^ 

10.9 

9,29,37 

Lower  Firewall 

5~6(^) 

1*.65^'=^ 

6,18,3U 

Forward  Fuselage 

- 

- 

i*3 

Right  Wing  Tip 

2.0 

1.79 

(a)  Left  side 

(b)  Center 

(c)  Right  Side 

(d)  See  Figure  5-3,  Tables  5-1  and  5-2 


6.3.3  Structure  Responses 

Figures  6-25  through  6-32  show  a comparison  of  analyses  and  test  structure 
acceleration  responses  at  various  locations  throughout  the  airplane.  Table  6-21 
summarizes  the  results  of  the  comparison  between  analysis  and  test.  Fig- 
ures 6-25  and  6-26  show  the  engine  acceleration  comparisons.  The  response 
shapes  in  each  direction  compare  favorably.  The  test  peak  responses  are 
sharper,  particularly  in  the  longitudinal  and  lateral  directions,  and  occur 
.008  to  .017  seconds  earlier  as  compared  to  the  analytical  values.  The  test 
measured  longitudinal  response  of  200  g's  is  obviously  a measurement  reflecting 
local  structure  response.  Otherwise  200  g's  acting  on  383  pounds  of  engine 
mass  would  drive  the  engine  through  the  firewall,  which  of  course  did  not 
happen  during  the  test. 


TIME.  SECONDS 
LONGITUDINAL 


TIME.  SECONDS 
VERTICAL 


Figure  6-25.  Comparison  of  Analysis  and  Test  Engine  Vertical 
and  Longitudinal  Accelerations,  Test  3 


LATERAL 


Figtire  6-26.  Comparlion  of  Analysis  and  Test  Engine 
Lateral  Accelerations,  Test  3 
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TIME,  SECONDS 
VERTICAL 

Flg\ire  6-27-  Compeurison  of  Analysis  and  Test  Floor  Vertical  and 
Longitudinal  Accelerations,  F.S.  27,  Test  3 
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Figure  6-28.  Comparison  of  Analysis  and  Test  Floor 
Lateral  Accelerations,  F.S.  27,  Test  3 
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TIME,  SECONDS 
LONGITUDINAL 


I 


test  analysis 


VERTICAL 

Figure  6-29.  Compaurison  of  Analysis  and  Test  Floor  Vertical  emd 
Longitudinal  Accelerations,  F.S.  60,  Test  3 
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Figure  6-30.  Comparison  of  Analysis  and  Test  Floor  Lateral 
Accelerations,  F.  S.  6o,  Test  3 
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Figure  6-32.  Comparison  of  Analysis  and  Test  Floor  Lateral 
Accelerations,  F.  S.  90-108,  Test  3 
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(d)  Based  on  50  Hz  ''ow-pass  filter 

(e)  Disregards  sharp  pulses 

(f)  Based  on  VCC6  location  test  data 


Due  to  the  sharpness  of  the  engine  longitudinal  and  lateral  pulses,  50  Hz 
low-pass  filtering  of  the  test  data  was  utilized  to  determine  how  the  compari- 
sons would  "be  affected.  From  Table  6-21  it  can  be  seen  that  with  the  lower 
frequency  filter  the  test  magnitudes  are  reduced  and  agree  within  l6  to  25  per- 
cent of  the  analytical  values.  The  comparison  of  the  test  and  analysis  engine 
vertical  responses  agrees  very  well  with  the  100  Hz  filter.  The  engine  re- 
sponse analytical  results  are  less  affected  by  filtering  than  test  results. 

For  example  unfiltered  analytical  results  for  the  three  directions  are  as 
follows : 


g.  Unfiltered 

g.  Filtered  (lOO  Hz) 

% Change 

Up 

82.8 

75.0 

+10.  U 

Right 

27.8 

23.6 

+17.8 

Aft 

lOU 

lOU 

-0- 

Compared  to  the  results  based  on  100  Hz  filtered  test  data,  the  unfiltered 
analytical  results  correlate  better  in  the  lateral  direction;  show  slightly 
more  discrepancy  in  the  vertical  direction  and  are  unchanged  in  the  longi- 
tudinal direction.  Lowering  the  analytical  filter  cutoff  frequency  (not 
attempted)  would  most  likely  affect  the  vertical  response  (sharpest  analytical 
peak  pulse)  more  than  the  longitudinal  and  latered  directions. 

Figures  6-2?  and  6-28  show  the  comparison  of  smalyses  and  test  floor 
responses  at  F.S.  27*  The  test  measured  floor  responses  at  this  location  show 
sharp  pvilses  at  between  .085  and  .110  seconds  after  impact.  While  the  pulses 
show  that  this  region  is  experiencing  an  impact,  the  extreme  sharpness  and 
shape  of  the  pulse  indicate  that  the  magnitudes  may  be  misleading.  The  sharp 
aft  load  followed  by  an  equally  sharp  forward  load  (Figure  6-27)  appear  to 
represent  local  structure  responses.  For  this  reason  responses  at  F.S.  Ul* 
(VCC6  and  HCC7)  are  also  shown  in  Figure  6-27.  The  responses  at  F.S.  UU  do 
not  exhibit  the  extreme  change  in  directions  noted  at  F.S.  27.  Based  on  both 
F.S.  27  and  F.S.  UU  test  data,  the  analysis  agrees  with  the  test  data  within 
lU  to  30  percent  and  within  .025  to  .037  seconds. 
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Figures  6-29  and  6-30  show  a comparison  of  aned.ysis  and  test  floor 
accelerations  at  F.S.  60.  The  analytical  response  in  the  lateral  direction 
matches  reasonably  well  with  the  test  data  with  regard  to  peak  value  (13  per- 
cent) and  time  of  occurrence  (-.OOl;  to  .0l6  seconds).  However,  the  compari- 
sons in  the  longitudinal  and  vertical  directions  do  not  fare  as  well.  The 
peak  values  disagree  by  39  to  63  percent.  The  analysis  peeiks  occur  substan- 
tially earlier  than  the  test  values.  The  test  response  shapes  exhibit  more 
oscillatory  motion  than  do  the  analytically  obtained  responses. 

Figures  6-31  and  6-32  show  a comparison  of  emalyses  and  test  floor 
accelerations  at  F.S.  90-108.  The  lateral  responses  compare  favorably  with 
regard  to  peak  value  (28.8  percent)  euid  time  of  occurence  (-.005  seconds)  as 
well  as  response  shape  (Figure  6-32).  The  responses  in  the  longitudinal  and 
vertical  directions  (Figure  6-31)  also  show  similarities  between  test  and 
analysis  with  regard  to  response  shape,  peak  value  and  time  of  occurrence. 

In  the  longitudinal  direction  the  data  agrees  within  .003  seconds,  although 
the  peak  values  differ  by  kO  percent.  In  the  vertical  direction  the  peak 
values  agree  within  19  percent  and  the  times  of  occurrence  of  the  peak  values 
differ  by  .022  seconds. 

The  wing  response  comparisons  (not  shown)  show  substantial  difference  in 
all  directions.  The  analysis  peak  values  are  as  much  as  twice  as  high  as  the 
test  values.  The  high  analysis  values  are  attributed  in  part  to  corresponding 
discontinuities  resulting  when  wing  spar  failures  occur. 

In  general,  the  analytically  obtained  floor  responses  occur  earlier  than 
noted  in  the  test.  This  is  consistent  with  the  observation,  based  on  evalua- 
tion of  film  analysis,  regarding  energy  absorption.  The  floor  peeik  responses 
generally  agree  within  +30  percent. 

6.3.*+  Occupant  Response 

The  occupant  seat-restraint  system  model  in  KRASH  is  described  in  Sec- 
tion 5.1  and  Figure  5-U.  The  DRI's  in  the  math  model  for  Test  3 show  a nega- 
tive value  from  time  = .05**  seconds  and  on,  indicating  the  occupant  spine  may 
be  in  tension  and  not  compression  as  was  the  case  in  Tests  1 and  2.  The  DRI, 
being  a measure  of  spinal  compression,  is  not  a valid  indication  of  potential 
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spinal  injury  in  tension.  Figures  6-33  and  6-3I*  show  the  pilot  and  copilot 
lower  torso  acceleration  responses  obtained  by  analysis  as  well  as  the  pilot 
and  copilot  pelvic  responses  measured  during  the  test.  The  peak  loads  euid 
times  of  occurrence  are  noted  in  Table  6-22.  As  in  the  case  of  floor  accelera- 
tion response  comparisons,  the  analytically  obtained  times  of  occurrence  for 
the  peak  values  precede  the  corresponding  test  points  by  substantial  margins 
(.037  to  .053  seconds).  The  comparison  of  peak  vertical  emd  lateral  values 
fares  better  (-6.8  to  +22.5  percent). 

The  analytically  obtained  pilot  lateral  responses  are  very  similar  to  the 
copilot  lateral  responses.  However,  no  comparison  is  presented  with  test  data 
which  shows  an  extremely  large  unexplained  150  g peak  to  the  left.  In  the 
right  direction  the  response  is  approximately  30  g’s.  The  comparisons  in  the 
longitudinal  directions  (not  shown)  have  discrepancies  which  reflect  the  lack 
of  restraint  system  modeling,  as  was  the  case  in  previous  test  comparisons. 

Table  6-23  summarizes  the  results  wherein  stresses  are  monitored  for  the 
occupant  seat  legs.  In  the  analysis  none  of  the  seat  legs  fail.  In  the  test 
the  pilot  front  inboard  seat  leg  failed  and  the  copilot  and  pilot  aft  seat 
legs  pulled  losse  from  their  tracks.  The  time  of  occurrence  of  these  events 
is  estimated  from  the  film  analysis  to  be  .090  seconds.  The  analysis  results 
(Table  6-21)  based  on  the  maximum  shear  stress  theory  indicate  that  the  shear 
yield  is  exceeded  at  each  of  the  legs  between  .063  and  .096  seconds.  Maximum 
stress  ratios  of  1.02  to  1.5T  are  achieved. 

The  Test  3 analytical  results  indicate  that  insofar  as  seat  failure  is 
concerned  there  is  less  potential  than  for  Test  1.  The  test  results  show 
more  seat  failures  occurred  during  Test  1 than  Test  3. 
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Figure  6-33>  Con^arlson  of  Analysis  and  Test  Pilot  and  Copilot 
Pelvic  Vertical  Accelerations,  Test  3 


Comparison  of  Analysis  and  Test  Copilot  Pelvic  Lateral  Acceleration,  Test 


TABLE  6-22.  COMPARISON  OF  PILOT  AND  COPILOT  PELVIC  ACCELERATIONS 


(d)  Trace  lo3t  after  » .100  seconds 


TABLE  6-23.  STRESS  RATIO  RESULTS  OBTAINED  BY  ANALYSIS,  TEST  3 


LOCATION 

MEMBER 

i - J 
(b) 

TIME  AT  WHICH 
STRESS  RATIO 
> 1.0 

(a) 

MAXIMUM 

STRESS 

RATIO 

1 

Pilot  Seat  Logs 

Forward  Outboard 

6-20 

0.063 

1.02 

Forward  Inboard 

18-20 

0.05^ 

1.3^+ 

Rear  Inboard 

20-27 

0.096 

1.52 

Rear  Outboard 

20-28 

0.063 

1.57 

Copilot  Seat  Logs 

Forward  Outboard 

3U-LL 

0.051 

1.37 

Forward  Inboard 

18-LL 

O.llL 

1.15 

Rear  Inboard 

27-kk 

0.087 

1.33 

Rear  Outboard 

UL-LB 

0.063 

1.26 

(a)  Time  in  Seconds 

(b)  See  Figures  5-3  and  5-L,  Tables  5-1  and  5-2, 


6.U  TEST  U ANALYSIS  AND  TEST  COMPARISONS 


6.U.1  Sequence  of  Events 

The  analytical  results  are  obtained  using  the  30  mass  59  member  half- 
airplane model  described  in  Section  5.1 • The  sequence  of  events  as  obtained 
by  analysis  versus  that  obtained  from  film  analysis  is  shown  in  Table  6-2U. 

The  comparison  of  analytical  and  test  results  with  regard  to  sequence  of  events 
shows  good  agreement. 

The  change  in  airplane  c.g.  translationeil  velocity,  longitudinal  and 
vertical,  as  obtained  by  analysis  is  shown  in  Figure  6-35.  The  camera  angles 
m6ike  it  difficult  to  obtain  a direct  comparison  of  eg  velocities.  H^wever, 
estimates  from  the  high  speed  film  and  post-crash  photographs  indicate  that 
the  analysis  shows  a more  rapid  decrease  in  velocities  than  occurs  during  the 
test . 

Figure  6-36  shows  the  total  energy  and  its  components  (kinetic,  potential, 
strain,  damping,  crushing  and  friction)  as  a function  of  time.  As  can  be 
observed  in  Figure  6-36,  at  impact  the  kinetic  energy  (9^.3%)  and  the  potential 
energy  (5.T^)  account  for  all  the  energy.  After  impact  the  energy  is  redis- 
tributed in  the  form  of: 

• strain 

• structural  damping 

• crushing  (including  soil  deformation) 

• ground  friction  (including  soil  plowing) 

Table  6-25  shows  the  distribution  of  energy  components  as  a percentage  of 
the  total  energy.  Included  in  Table  6-25  is  the  maximum  percent  value  and  the 
time  of  occurrence  as  well  as  the  percent  of  total  at  the  conclusion  of  the 
analysis  (time  = 0.120  seconds). 

From  Figure  6-36  it  can  be  seen  that  the  kinetic  energy  reduces  to  13.5  per- 
cent of  the  total  by  0.090  seconds  and  increases  slightly  thereafter.  The 
potential  energy  reduces  to  2.8  percent  of  the  total  by  0.090  seconds  and  in- 
creases slightly  thereafter  as  the  airplane  rebounds.  The  strain  energy  rises 
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TABLE  6-2 U.  COMPARISON  OF  ANALYSIS  AND  TEST  SEQUENCES,  TEST  U 


Sequence 

Time-Seconds  (a) 

Analysis 

Test 

• Nose  Gear  Impact 

0 

0 

• Nose  Gear  Support  Failure 

0.018 

O.O2U 

e Engine  Lower  Structure  Impact 

O.OU2 

0.032 

• Engine  Spinner  Impact 

O.OU2 

O.O3U 

e Tail  Cone  Buckles 

0.098 

0.076 

• Engine  Btiried  into  Soil 

0.081  Cb) 

0.078 

• Left  Main  Gear  Tire  Impact 

0.088  (d) 

• Occupant  Impacts  Instrument  Panel 

0.090  (c) 

0.096 

e Left  Main  Gear  Tire  Leaves  Groxuid 

O.llU  (d) 

(a)  Time  in  seconds  after  impact 

(b)  Analysis  shows  maximum  ground  deflection  under  engine  mass 

(c)  Occupant  motion  not  available  from  analysis.  Analysis  shows 
front  seat  leg  sheen:  stress  failure  potentleil. 

(d)  Tire  skims  the  soil 


sharply  from  approximately  O.O6O  seconds  until  a peak  percentage  of  29.9  percent 
at  0.090  seconds.  At  the  conclusion  of  the  analysis  the  strain  energy  is  still 
relatively  high  (25  percent).  The  crushing  energy  starts  rising  rapidly  at 
about  O.0U2  seconds,  at  which  time  the  engine  structure  makes  contact  with  the 
soil.  The  crushing  energy  reaches  a peak  of  neairly  17  percent  at  O.O8U  which 
coincides  with  the  time  the  maximum  soil  penetration  has  occurred.  Damping 
and  friction  energy  are  continually  rising,  having  reached  peak  values  of 
7.2  and  35.8  percent  respectively  at  0.120  seconds.  The  rate  of  increase  in 
friction  energy  has  slowed  perceptibly  after  O.09O  seconds. 


6-71 


VELOCITY,  IN/SEC 


TIME,  SECONDS 

Figure  6-35*  Analytically  Obtained  Longitudinal  and  Vertical  Velocities 
Versus  Time,  Test  U , 
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PERCENT  TOTAL  ENERGY 


• TOTAL  ENERGY 
O KINETIC  ENERGY 
A POTENTIAL  ENERGY 


a STRAIN  ENERGY 


T DAMPING  ENERGY 
# CRUSHING  ENERGY 
0 FRICTION  ENERGY 

TOTAL  ENERGY  - 
3.15  X 10®  IN-LB 


0.02  0.04  0.06  0.08  0.10  0.12 

TIME,  SEC 

Figure  6-36.  Total  Energy  and  Energy  Components  Obtained  by 
Analysis,  Test  I4 
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TABLE  6-25.  SUMMARY  OF  ENERGY  COMPONENTS  OBTAINED  BY  ANALYSIS,  TEST  1* 


Energy 

Components 

Peak  Percent 

Value  and 

Time  of  Occurrence 

Percent  Value 
at  Time  = 0.120 
Seconds 

Percent 

Tlme^*^ 

Strain 

29.9 

0.093 

25 

Damping 

7.2 

0.120 

7.2 

Crushing 

17 

0.08U 

12.5 

Friction 

35.8 

0.120 

35.8 

(a)  Time  In  Seconds 

1 

1 

The  deforaatlon  experienced  during  Test  U Is  far  more  substantial  than 
the  other  two  nosedown  Impacts  (Tests  1 and  3).  By  comparison  with  these  two 
tests  the  analytical  results  show  substantially  more  crushing  and  strain  energy 
Figure  6-37  shows  the  spatial  and  temporal  distribution  of  the  strain  energy. 

The  distribution  of  strain  energy  follows  similar  patterns  noted  In  the  analyti- 
cal results  associated  with  Tests  1 and  3.  The  strain  energy  progresses  from 
the  forward  region  to  the  mid  cabin  region  which  Is  consistent  with  the  pro- 
gression of  damage  as  observed  for  the  test. 

The  total  energy  at  0.120  seconds  Is  105.1  percent.  This  Is  a substan- 
tially higher  change  In  energy  than  was  experienced  In  the  other  three  analyses. 
A finer  Integration  can  reduce  the  amount  of  energy  growth.  However,  the 
degree  of  energy  growth  (5  percent)  experienced  In  this  analysis  Is  considered 
meirglnally  satisfactory  so  as  not  to  warrant  eulded  computer  costs  associated 
with  finer  Integration  Intervals. 

6.U.2  Deflections,  Deformations,  and  Failures 

Table  6-26  shows  a comparison  between  analysis  and  test  with  regard  to 
failures.  As  a result  of  Test  U the  edrplane  Incurs  loss  of  the  engine  from  Its 
supports,  a wing  rear  spar  failure,  failure  of  nose  gear  support  structure,  and 
buckling  of  the  tailcone.  The  analysis  Indicates  that  the  nose  gear  support 
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Figure  6-37 . Strain  Energy  Distribution  Histories  Obtained  by 
Analysis,  Test  U 
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TOTAL  STRAIN  ENERGY,  IN-LBS  X 10 


TABLE  6-26.  CCMPARISON  OF  ANALYSIS  AND  TEST  FAILURES,  TEST  U 


Location 

Analysis 

Test 

Seat  Leg  Failures 

Pilot  forward 

no/marglnal  (b)(c}(d) 

Pilot  rear 

no/yes  (a)(c)(d) 

Copilot  forward 

no/marglnal  (b)(c)(d) 

Copilot  rear 

no/yes  (a)(c)(d) 

yes 

Tailcone  Yield  or  Fail 

yes 

yes 

Nose  gear  failures 

Upper  support 

yes 

yes 

Lower  support 

yes 

yes 

Main  Landing  Gear  Failures 

Gear 

no 

no 

Support  structure 

no 

no 

Wing  Spar  Failures 

Left  wing 

yes 

yes 

Right  wing 

yes 

no 

Wing  Column  Failure 

Left  wing 

no 

no 

Right  wing 

no 

no 

Engine  Mount  Buckle 

yes 

yes 

(a)  Yes  based  on;  stress  ratio  >1.25 

(b)  Marginal  based  on;  1.0  < stress  ratio  < 1.25 

(c)  No  based  on;  stress  ratio  < 1.0 

(d)  Inboard/outboard 

structure  fails,  the  tailcone  buckles,  the  engine  mounts  deform  sufficiently 
for  loss  of  structure  to  occur,  the  ving  rear  and  front  spar  fail  and  the  seats 
show  the  potential  to  fall  due  to  excessive  stress.  The  engine  mounts  yield 
after  approximately  O.065  seconds  and  deflect  axieJAy  over  U Inches  which 
Indicates  that  the  engine  moves  aft  Into  the  firewall.  Of  course,  the  analysis 
cannot  show  loss  of  engine  unless  the  engine  mounts  were  treated  as  members 
that  rupture  (due  to  excessive  force  or  deflection)  Instead  of  members  which 
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are  allowed  to  restlffen.  The  forward  fuselage  panels  deform  axially  nearly 
10  inches  which  is  substantially  more  than  in  any  of  the  previous  test  analyses . 
This  large  deformation  is  consistent  with  the  test  results  which  show  severe 
crushing  of  the  ^forward  fuselage.  A summary  of  eucial  and  bending  deflections 
is  presented  in  Table  6-27.  From  Table  6-27  it  can  be  s?en  that  the  member 
deflections  are  higher  overall  than  obtained  in  any  of  the  previous  analyses. 
Figure  6-38  shows  a comparison  of  cabin  deformations  obtained  from  analysis 
versus  test  at  approximately  0.120  seconds  after  impact.  For  reference  the 
undeformed  cabin  is  also  shown  in  Figure  6-38.  The  results  compare  very  favor- 
ably in  the  forward  fuselage  section,  wherein  the  firewall  has  beer  pushed 
nearly  back  to  F.S.  27.  The  analysis  does  not  depict  the  yielding  at  the 
rear  door  post  as  pronounced  as  in  the  estimsfte  of  the  post  test  condition. 

Tables  6-28  and  6-29  show  the  maximum  deflections  experienced  by  the 
external  springs  representing  the  structure  and  the  soil,  respectively,  at 
vai’ious  locations.  The  ground  deflection  due  to  engine  penetration  (engine 
longitudinal)  was  measured  after  the  test  to  be  approximately  l8  inches.  The 
anaO-ysls  shows  a deflection  of  12.7  inches  at  this  location. 


6 . U . 3 Structure  Responses 

Figures  6-39  through  6-43  show  a comparison  of  analysis  and  test  structure 
responses  at  various  locations  throughout  the  airplane.  Table  6-30  summarizes 
the  results  of  the  comparison.  The  analytically  obtained  engine  response  peaks 
(Figure  6-39)  show  agreement  within  2.2  to  34  percent  with  test  data.  However, 
the  response  shapes  of  the  cmalytically  obtained  data  differ  substantially 
from  the  corresponding  test  data.  In  the  test  the  engine  is  torn  loose  from 
its  mounts  and  at  the  conclusion  of  the  test  it  is  several  feet  away  from  the 
remaining  airplane  structure.  In  the  analysis  the  engine  mounts  are  represented 
by  load-deflection  curves  which  allow  for  restiffening  after  an  initial  loss  of 
load  carrying  capability  (post-buckle  condition).  In  using  the  restiffening 
curve  the  engine  mount  is  not  allowed  to  rupture  and  separate  from  the  airplane. 
This  factor  plus  the  difficulty  in  reedlstlcally  representing  time  varying  soil 
forces  prevents  a good  cooparlson  of  engine  response  results.  The  floor 
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TABLE  6-27. 


MEMBER  DEFLECTIONS  OBTAINED  BY  ANALYSIS,  TEST  h 


Member 

Element  Nodes 
i-j  (a) 

Deflection 

Inches 

Axial 

Engine  Mount 

9-13,  10-13 

h.2 

Forward  Fuselage 

6-9,  7-9 

8.1*  - 9.8 

Firewall 

9-10 

- 

Tunnel 

18-26,  18-29 

7.8  - 8.6 

Bending 

Forwai’d  Door  Post  - Lower 

6-7 

6.5 

Forward  Door  Post  - Upper 

7-8 

3.1 

Rear  Door  Post  - Lower 

l*-23 

3.5 

- Upper 

5-23 

5.11* 

Firewall 

9-10 

11.5 

Tunnel  Structure 

18-26,  18-29 

1.2  - 3.6 

Forward  Fuselage 

6-9,  '7-10 

2.7  - 6.0 

(a)  See  Math  Model  Figure  5-3, 

Tables  5-1,  5-2. 

responses  are  shown  in  Figures  6-!40,  6-1*1  and  6-1*2  for  F.S.  27,  F.S.  60,  and 
F.S.  90-108,  respectively.  The  peak  responses  show  agreement  within  a few 
percent  to  as  much  as  30  percent.  The  times  of  occurrence  of  the  peak  responses 
agree  within  0.001  to  0.022  seconds.  The  response  shapes  are  generally  in 
agreement.  The  analytical  results  tend  to  show  less  oscillatory  motion  than 
observed  in  the  test  data.  Figiire  6-1*3  shows  a comparison  of  wing  responses. 
While  the  analysis  results  in  the  vertical  direction  show  agreement  within 
2.5  percent  and  O.OOl*  seconds,  the  response  shapes  show  more  oscillatory  motion 
than  noted  in  the  test  results.  In  the  longitudinal  direction  the  analysis 
and  test  results  differ  substantially. 
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TABLE  6-28.  MAXIMUM  EXTERNAL  SPRING  DEFLECTIONS 
OBTAINED  BY  ANALYSIS,  TEST  1* 


Location 

Deflection,  Inches 

Longitudinal 

Vertical 

Nose  Gear  Tire 

3.2 

3.3 

Engine  Structure 

lU.l 

13.6 

Lower  Firewall 

7.6 

5.i+ 

TABLE  6-29.  MAXIMUM  GROUND  DEFLECTIONS  OBTAINED  BY  ANALYSIS,  TEST  k 


Location 

Deflection,  Inches 

Longitudinal 

Vertical 

Nose  Gear  Tire 

1.72 

1.68 

Engine  Structure 

12.7 

5.5it 

Lower  Firewall 

9.86 

6.k6 
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Figure  6-39.  Comparison  of  Analysis  and  Test  Engine 

Vertical  6uid  Longitudinal  Accelerations , Test  U 
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Figure  6-Ul.  Comparison  of  Analysis  and  Test  Floor  Vertical  and 
Longitudinal  Accelerations,  F.S.  60,  Test  U 
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Figure  6-h2,  Comparison  of  Analysis  and  Test  Floor  Vertical  and 
Longitudinal  Accelerations,  F.S.  90-108,  Test  U 
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Figure  6-1*3,  Comparison  of  Analysis  and  Test  Wing  Vertical  and 
Longitudinal  Accelerations , Test  1* 
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6.U.U  Occupant  Response 


The  analytically  obtained  DRI's  record  negative  values  which  indicate  the 
occupants  experience  tensile  and  not  ccmpressive  loads.  Consequently,  the 
interpretation  of  DRI  values  is  of  no  significance  for  this  test. 

Figure  6-UU  shows  the  occupant  lower  torso  vertical  acceleration  response 
obtained  from  analysis.  Also  shown  in  Figure  6-I+I4  are  the  pilot  and  copilot 
pelvic  vertical  acceleration  responses  measured  during  the  test.  As  one  can 
see  from  Figure  6-Ul*,  the  test  data  indicates  substantially  different  motion 
for  the  two  occupants  dvuring  a symmetric  impact  into  soil.  The  analysis, 
based  on  a half-airplane  symmetrical  math  model,  assumes  that  both  occupants 
respond  in  an  identical  manner.  Unlike  impacts  into  an  inflexible  surface 
(concrete),  the  post-crash  behavior  of  an  airplane  in  soil  develops  forces 
which  can  complicate  an  analysis. 

Table  6-31  summarizes  the  analytical  results  wherein  stresses  eu-e  monitored 
for  the  occupant  seat  legs.  Since  the  math  model  is  a haj.f-airplane  representa- 
tion of  a symmetrical  impact  condition,  the  responses  for  only  one  occupant 
(pilot-left  side)  are  provided.  The  right  side  (copilot)  responses  are  taken 
to  be  identical  to  the  left  side  responses.  From  Table  6-31  it  can  be  seen 
that  for  only  one  of  the  four  seat  legs  does  the  monitored  stress  ratio  exceed 
a value  of  1.25.  This  indicates  the  possibility  that  only  one  of  the  four  legs 
may  be  expected  to  fail  due  to  excessive  stress.  The  test  results  Indicate 
that  no  seat  leg  failures  occur.  The  analytical  results  for  this  test  indicate 
that  in  comparison  to  the  analysis  results  for  Tests  1;  2 and  3,  this  test  is 
considered  more  severe  than  Test  2 but  less  severe  than  Tests  1 and  3 with 

regard  to  seat  leg  failures.  The  analytical  trend  is  consistent  with  the 

% 

trend  observed  in  the  test  results  for  all  four  tests. 
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Figure  6-UU.  Comparison  of  Analysis  and  Test  Pilot  and  Copilot 
Pelvic  Vertical  Accelerations,  Test  k 
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TABLE  6-31.  STRESS  RATIO  RESULTS  OBTAINED  BY  ANALYSIS,  TEST  h 

Member  Time  at  Which  Maximian 

' i-J  Stress  Ratio  Stress 

Location (a) >1.0 Ratio 

Seat  Legs 

Forward  Outboard  6-20  0.090  1.207 

Forward  Inboard  18-20  - O.96I 

Rear  Inboard  20-27  - O.897 

Rear  Outboard  20-28  0.072  1.711< 

(a)  See  Figures  5-3,  5-**  and  Tables  5-2,  5-3. 
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TASK  II  RESULTS 


The  following  discussion  presents  a summary  of  the  results  of  the  Task  II 
effort . 

T.l  FULL  SCALE  CRASH  TEST  PREPARATION 

Three  light  high-wing,  single-engine  airplanes  were  prepeired  for  crash 
testing  at  the  NASA-Langley  Impact  Dynamics  Research  Facility  (IDRF).  In 
preparation  for  the  tests  the  airplanes  had  their  fuel  tanks  purged,  their 
upholstery,  rear  seats,  wheel  fairings,  left  door,  tail  section  and  radios 
removed.  The  airplanes  were  painted  yellow  and  the  eg,  the  0.0,  B.L.,the0.0.  W.L. 
and  the  bulkhead  and  stringer  locations  identified  by  black  tape.  For  each 
airplane  the  tail  section  was  represented  by  a substitute  structure  having 
the  proper  mass  and  location.  The  fuel  tanks  were  filled  with  dyed  water. 

The  airplanes  weighed  between  2330  and  2390  pounds.  The  eg  position  varied 
from  F.S.  U3.9  (tests  1,  3 and  U)  to  F.S.  i+T.l  (Test  2). 

A minimum  of  accelerometer  channels  were  used  to  record  the  dynamic 
response  of  the  structure  and  occupants  during  each  test.  A 95th  percentile 
dummy  and  a 80th  percentile  dummy  were  installed  in  the  front  seats.  Occupant 
accelerations  were  obtained  from  accelerometers  installed  in  the  occupant  heads 
and  pelvises.  In  addition,  occupant  seat  belt  and  shoulder  harness  loads  were 
recorded,  structural  deflections  were  measured,  the  crash  sequence  was  recorded 
on  film  and  photographs  of  the  post-crash  condition  of  the  airplanes  were  taken. 
A total  of  17  high  speed  cameras  including  three  onboard  the  airplane  were 
utilized  for  each  test. 

7.2  FULL  SCALE  CRASH  TEST  RESULTS 

Four  crash  tests  were  performed.  The  impact  conditions  are  noted  in 
Table  7-1.  For  each  crash  test  the  crash  sequence  was  filmed  and  composite 
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TABLE  7-1.  SUMMARY  OP  CRASH  TEST  IMPACT  CONDITIONS 


prints  showing  the  crash  sequences  are  presented  in  Section  3.0.  In  addition, 
post-crash  photographs  depicting  the  damage  to  the  airplanes  are  also  provided. 


A summary  of  the  sequence  of  events  for  all  the  crash  tests  is  presented 
in  Table  1-2.  Summaries  of  damage  and  failures  sustained  by  each  of  the  air- 
planes are  presented  in  Tables  7-3  through  Table  7-6  for  the  airframe,  the 
occupant-seat-restraint  system,  the  wing  sind  fuel  tanks,  and  the  nose  and  ma^n 
gears,  respectively.  From  Table  7-^  it  can  be  seen  that,  with  the  exception  of 
one  lap  belt  attachment  failure  during  crash  test  the  restraint  systems  re- 
mained intact.  From  Table  7-5  it  can  be  seen  that  none  of  the  four  crash  tests 
did  a fuel  tank  rupture  or  fuel  spill,  thus  indicating  little  hazard  from  a 
post-crash  fire. 

Tables  7-7  and  7-8  present  a summary  of  seventy  index  results  and  occupant 
pelvis  vertical  and  longitudinal  responses,  respectively.  The  results  shown 
in  Table  7-7  indicate  that  severe  head  injury  would  result  to  both  occupants 
for  Tests  3 and  i*. 

Table  7-9  summarizes  a qualitative  assessment  of  the  chances  of  occupant 
survivability  during  each  of  the  crash  tests.  Four  hazards  are  assessed 
including: 

• accelerations  experienced  by  occupeints  in  the  fore-aft  and  up-down 
directions.  An  assessment  for  the  lateral  direction  is  not  presented 
because  of  the  lack  of  available  applicable  tolerance  data. 

• Occupiable  cabin  deformation. 

• Lethal  blows,  impact  of  occupant  with  structure  or  object  and  vice  versa. 

• Post-crash  fire  potentled.. 

From  Table  7-9  it  can  be  seen  that  the  results  of  Tests  1 and  2 indicate 
relatively  low  accelerations  experienced  by  the  occupants,  little  occupiable 
cabin  damage,  no  impact  of  the  occupants  with  struct\ire  or  objects  and  no  danger 
of  a post-crash  fire.  An  assessment  of  Test  3 results  indicates  moderate  to 
high  acceleration  forces,  moderate  to  severe  occupiable  cabin  deformation, 
possible  danger  from  impact  between  occupant  and  structure  and  no  danger  from 
a post-crash  fire.  An  assessment  of  Test  U shows  potential  for  moderate  to 
high  acceleration  levels,  severe  occupiable  cabin  deformation,  a relatively 
high  probability  of  a lethal  blow  and  no  danger  from  a post-crash  fire. 
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TABLE  7-2.  SUMMARY  OF  CRASH  TESTS  SEQUENCE  OF  EVENTS 


t— 

O 


7-U 


4 


(a)  Time  in  seconds  afte 


TABLE  7-3.  SUMMARY  OF  AIRFRAME  DAMAGE  AS  A RESULT 


Test  Number 


Location 

1 

2 

3 

1* 

Pilot 

Seat  leg  failure 
forward 

rear 

X 

X 

Seat  leg  pulled  from  floor  tracks 
forward 

rear 

X 

X 

X 

Shoulder  harness  or  attachment 
failure 

Lap  belt  or  attachment  failure 

Occupant  contact  with  Instrument 
Panel 

X 

X 

Co-Pilot 

Seat  leg  failure 
forward 

rear 

X 

Seat  leg  pulled  from  floor  tracks 
forward 

rear 

X 

X 

X 

X 

Shoulder  harness  or  attachment 
failiure 

Lap  belt  or  attachment  failure 

X 

Occupant  contact  with  Instrument 
Panel 

X 

X 

X Denotes  occurrence 
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TABLE  7-5.  SUMMARY  OF  WING  DAMAGE  EXPERIENCED  AS  A RESULT  OF  THE  CRASH  TESTS 


Location 

Left  Wing 

torsional  failure 
rear  spar  failure 
coltimn  strut  buckle 
fuel  tank  rupture 
fuel  spillage 
wing  tip  damage 
Right  Wing 

torsional,  failure 
rear  spar  failure 
column  strut  buckle 
fuel  tank  ruptvire 
fuel  spillage 
wing  tip  damage 


(a)  X denotes  occurrence 

(b)  tension  failure 

(c)  compression  failure 


Crash  Test  Nvunber 


Location 

Nose  Gecu: 

Lower  Support  Failure 
Upper  Support  Failure 
Gears  Failed  Aft 
Gears  Failed  Forward 

Right  Main  Gear 

Inboard  Bolt  Failure 
Gear  Failure 

Left  Main  Ge*ur 

Inboard  Bolt  Failure 
Gear  Failure 


X denotes  occurrence 


XXX 


TABLE  7-7.  SUMMARY  OF  SEVERITY  INDEX  RESULTS,  TESTS  3 AND  1* 


Accelerometer 

Severity 

Index  (a) 

Location 

Direction  of  Response 

Test  3 

Test 

Pilot  Head 

Vertical  (parallel  to  backbone) 

136 

1055 

Pilot  Head 

Longitudinal  (normal  to  backbone) 

1785 

k056 

Pilot  Head 

Lateral  (normeil  to  backbone) 

hQ2 

(b) 

Copilot  Head 

1 

Vertical  (parallel  to  backbone) 

(b) 

1368 

Copilot  Head 

Longitudinal  (normal  to  backbone) 

(b) 

373 

Copilot  Head 

_j 

Lateral  (normal  to  backbone) 

2337 

(b) 

(a)  Based  on  750Hz  Data 

(b)  Data  unavailable 

1 

r-9 


TABLE  7-9.  ASSESSMENT  OF  OCCUPANT  SURVIVABILITY 


Crash  Test  Number 

HazEird 

1 

2 

3 

k 

1.  Accelerations  experienced 
by  occupants 

Fore-Aft 

L 

L 

M 

M 

Up-Down 

L 

L 

H 

H 

2.  Occupiable  Cabin  Deformation 

L 

L 

M-H 

H 

3.  Lethal  Blow  (Due  to  Impact 

with  Structure  or  Object) 

L 

L 

M 

H 

i*.  Post-Crash  Fire 

N 

N 

L 

N 

H High  level  or  severe  damage 

M Moderate  level  or  damage 

L Low  level  or  little  damage 

N No  danger 

7.3  LITERATURE  SURVEY  AND  EVALUATION 

Twenty-six  technical  publications  are  reviewed  and  their  contents  categorized 
to  assist  in  future  programs.  The  literature  is  reviewed  with  regard  to  airplane 
structure/flexible  ground  interaction.  In  partic\ilar  the  emphasis  is  placed  in 
the  following  areas 

• Analysis 

• Landing  Surface  (Soil)  Characteristics 

• Leuiding  Surface/Geeir  Interaction  Tests 

• Full  Scale  Aircraft  Crash  Tests 

• Design 

In  each  of  the  above  noted  subject  areas  €m  evaluation  is  performed  which 
identifies  the  literature  applicable  to  the  particular  subject.  A composite 
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svunmeury  of  the  pertinent  aspects  of  the  literat\ire  with  regard  to  structural 
crashworthiness  analysis  is  presented.  For  each  report  included  in  the  survey 
and  evaluation,  an  abstract  is  presented.  In  addition,  a literature  survey 
subject  index  matrix  and  a soil/interaction  test  parameter  index  are  provided. 
The  literature  survey  data  is  presented  in  Appendix  B. 

7.^  MATHEMATICAL  MODEL  DESCRIPTION 

The  high-wing  single-engine  airplane  type  analyzed  during  Task  II  is 
modeled  using  digital  computer  program  KRASH,  as  modified  during  Task  II. 
Airplane  math  model  size  data  are  shown  in  Table  7-10.  Details  of  the  modeling 
is  presented  in  Section  5 and  Appendix  D. 

The  analysis  for  crash  tests  1,  2 and  3 was  performed  using  a f\ill  airplane 
representation.  The  analysis  for  crash  test  k was  performed  using  a half- 
airplane representation.  The  impact  conditions  are  noted  in  Table  7-1.  For 
test  1*  a sjTJimetrical  impact  condition  (</>=  0,4^=  O)  was  used.  The  math  models 
used  for  each  of  the  four  tests  were  identical  except  for: 

• weight  and  eg  representation 

• initial  impact  conditions 

• Post-failure  representation  of  aft  failed  nose  gear  structure 

• lift  considerations  for  test  2 

• soil  representation  for  test  4 


TABLE  7-10.  SUMMARY  OF  MATH  MODELS 


Pull  (P)  or  Half-Model  (H)^^^ 

TEST  1 

TEST  2 

TEST  3 

TEST  1* 

F 

F 

F 

H 

Number  of: 

Masses 

U8 

1;8 

U8 

30 

Node  Points 

32 

32 

32 

17 

External  Springs 

32 

32 

32 

22 

Linear  Beams 

100 

100 

100 

59 

Nonlinear  Beams 

ll8 

118 

118 

68 

DRI  Elements 

2 

2 

2 

1 

Pin-Pin  Beeims 

2 

2 

2 

1 

Pin-Fixed  Beams 

k 

k 

k 

2 

UnsymmetriceQ  Elements 

7 

7 

7 

1* 

Lift/Weight  Ratio 

0 

.65 

0 

0 

Impact  Conditions; 

Vertical  Velocity  (fps) 

U2.3 

21.8 

1*8.7 

1*3.1* 

Longitudinal  Velocity  (fps) 

68.9 

71.3 

70. 

69.6. 

Pitch  Angle  (degrees 

-30. 

13.5 

-39.1* 

-3U.8 

Roll  Angle  (degrees) 

l*.l 

3.3 

18.7 

0. 

Yaw  Angle  (degrees) 

-3.3 

-11.5 

-7.9 

0. 

Pitch  Rate  (degrees /second) 

U6.U 

6.9 

ll*.3 

18,2 

Weight  (lb) 

2370 

2390 

2370 

2370 

C.G.  Position  (Fuselsige 
Station-in) 

hk.l 

U7.2 

1*1*. 1 

1*1*. 1 

2 

Inertias  (ib-in-sec  ) 

Roll 

1,8U  EOU 

1.8U  EOU 

1.81*  EOl* 

1.81*  EOl* 

Pitch 

1.77  EOU 

2.10  EOU 

1.77  EOl* 

1.77  EOl* 

Yaw 

2.96  EOU 

3.25  EOU 

2.96  EOl* 

2.96  EOl* 

Ca)  Refers  to  the  analysis.  Aiirlane  data  input  as  a half  model  in  all 
four  cases  with  the  program  computing  full  airplane  data  for  Tests  1, 
2 and  3. 


7.5  ANALYSIS  RESULTS  AND  CORRELATION  WITH  TESTS 


The  following  range  of  impact  conditions  for  the  four  crash  tests  per- 
formed during  the  task  described  in  this  report  are  analyzed  with  program 


KRASH: 

e 

Flight  path  velocity 

7**.5  to 

85.2 

ft. /sec. 

e 

Longitudinal  velocity 

69.5  to 

71.3 

ft. /sec. 

e 

Vertical  Velocity 

21.8  to 

1+8.7 

ft. /sec. 

e 

Flight  path  angle 

-17  to 

-31+.9 

degrees 

e 

Impact  angle 

13.5  to 

-39.1+ 

degrees 

e 

Attack  angle 

.5  to 

30.5 

degrees 

e 

Roll  angle 

0.  to 

18.7 

degrees 

e 

Yaw  angle 

0.  to 

11.3 

degrees 

For  the  four  crash  tests  the  following  smalytical  results  are  presented: 

• Time  history  of  energy  components. 

• Sequence  of  post-impact  events 

• eg  vertical  and  longitudinal  velocity  histories. 

• Spatial  and  temporal  distribution  of  strain  energy. 

• Occupant  seat  leg  stress  ratios. 

• Summaries  of  internal  member  failures  and  deflections 

• Acceleration  response  histories  for  the  engine,  the  floor  at  F.S.27, 
F.S.60,  and  F.S.9O-IO8,  the  wing,  and  the  occupants. 

• Cabin  deformation. 

• External  structrire  (springs)  crushing. 

• Occupant  responses;  accelerations  and  DRI's. 

7.5.1  Energy,  Velocity  and  Events 

Table  7-11  shows  a comparison  of  analytically  obtained  energy  distributions 
Based  on  the  amount  of  energy  absorbed  via  crushing  and  strain  the  most  severe 
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TABLE  7-11.  COMPARISON  OF  ANALYTICALLY  OBTAINED  ENERGY  DISTRIBUTIONS,  CRASH  TESTS  1 THROUGH 


r 
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crash  conditioii  analyzed  is  Test  It,  followed  by  Test  3,  Test  1 and  Test  2, 
respectively.  The  test  results,  based  on  structural  damage  sustained  by  the 
airplsuie,  the  acceleration  levels  recorded  and  the  potential  for  occupant 
injury  indicate  the  same  order  of  test  severity  as  noted  by  the  interpretation 
of  data  contained  in  Table  T-11. 

The  analytically  obtained  eg  translational  longitudinal  and  vertical 
velocity  histories  are  presented  in  Section  6 (Figures  6-1,  6-12,  6-21,  and 
6-35),  along  with  test  data  points.  The  sequence  of  events  obtained  by  analyses 
are  compared  to  the  test  event  times  in  Section  6 (Tables  6-1,  6-8,  6-15,  and 
6-23).  Also  included  in  Section  6 are  analytically  obtained  plots  of  the  strain 
energy  spatial  and  tenq)oral  distributions  (Figures  6-3,  6-23,  and  6-37)  for 
Tests  1,  3 and  U,  respectively. 

7.5.2  Seat  Leg  Damage 

Table  7-12  presents  a comparison  of  analytical  and  test  results  with  re- 
gard to  occupant  seat  leg  damage  (failure  or  derailment).  While  the  analysis 
does  not  show  agreement  with  the  test  data  at  all  locations  for  each  test,  it 
does  show  agreement  with  the  trend  indicated  by  the  test  results.  The  test 
results  show  that  the  most  severe  test  insofar  as  seat  leg  failures  are  con- 
cerned  is  Test  1,  followed  by  Tests  3,  and  2,  respectively.  Table  7-13 
presents  data  which  further  substantiates  that  the  analytical  trends  are  in 
agreement  with  the  observed  test  trends.  The  higher  stress  ratios  are  associa- 
ted with  Test^  1 and  3.  The  lower  stress  ratios  are  associated  with  2 and  U. 

At  none  of  the  seat  leg  locations  do  the  Test  2 stress  ratios  reach  a value 
of  1.0. 

7.5.3  Structure  Failures 

Table  7-1**  presents  a summary  of  structure  failures  obtained  in  the 
analysis  eind  observed  from  the  tests.  Overall,  there  is  excellent  agreement 
between  the  analysis  suid  the  tests.  However  the  analysis  results  show  the 
occurrence  of  several  events  which  are  not  evident  in  the  test  results.  For 
example,  the  Test  2 aneO-ysis  indicates  that  the  tailcone  yields,  the  upper  nose 
gear  support  fails  and  the  right  main  gear  rotation  exceeds  the  programmed 
allowable  value. 


TABLE  7-12.  StJMMARY  OF  ANALYSIS  VERSUS  CRASH  TEST  SEAT  LEG  DAl'^GE 


TABLE  7-13.  SUMMARY  OF  SEAT  LEG  STRESS  RATIOS 
OBTAINED  BY  ANALYSIS 


TABLE  7-li+.  SUMr>IARY  OF  A-'IALYSIS  VERSUS  CRASH  TEST  STRUCTURE  FAILURES 


Denotes 


The  Test  1 analysis  shows  wing  column  strut  buckling,  and  the  Teat  1*  analysis 
shows  a right  wing  spar  failure.  These  differences  between  the  test  and  the 
analysis  results  are  directly  related  to  the  selection  of  program  input  data, 
particularly  the  selection  of  section  properties , nonlinearities  and  failure 
criteria.  Generally,  except  for  the  main  gear  rotation,  the  discrepancies 
involve  areas  wherein  post-failure  behavior  does  not  influence  occupant  safety. 
In  the  situation  wherein  the  right  main  gear  fails  (Test  2)  the  analysis  is 
simply  indicating  a high  potential  for  failure.  While  the  failure  may  not 
have  actually  occurred  during  that  particular  test,  the  review  of  the  high 
speed  films  indicates  the  airplane  did  indeed  come  very  close  to  bottoming 
out  the  main  landing  gear  and  crushing  the  mid  cabin  fuselage  underside.  In 
one  instance  the  analysis  does  not  indicate  a failure  (Test  3,  right  main 
landing  gear  bulkhead  support)  which  is  surmised  to  have  occurred  during  the 
test.  This  type  of  failure  was  also  noted  in  Test  1.  Actually,  Judging  from 
the  relative  deformation  of  the  floor  structure  near  the  landing  gear ’ bulkhead 
region,  the  consequence  of  this  failure  was  more  damaging  for  Test  1 than 
Test  3.  No  such  landing  gear  bulkhead  failure  occurred  during  Test  2 or  Test  U. 
The  einalysis  shows  that  the  load  required  to  fail  the  bxjlkhead  is  reached 
during  Test  1.  For  Test  3 the  load  reaches  72  percent  of  the  required  failtire 
load.  However,  this  peak  load  occurs  at  the  conclusion  of  the  anedysis  and  is 
rising  sharply.  The  bulkhead  support  structure  could  conceivably  attain  a 
failure  load  with  additional  computing  time.  There  is  no  determination  of 
when  this  failure  occurs  during  the  test.  However,  once  again,  the  analytical 
trend  agrees  with  the  test  trend  when  the  load  level  at  the  bulkhead  for  all 
four  tests  are  considered.  The  analysis  shows  the  following: 


Test  No 

Percent  Failure  Load  at 

Main  Landing  Gear  Bulkhead 

1 

>100 

3 

72 

1. 

63 

2 

33 
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7.5.^  Structure  Response 


Figures  7-1,  7-2  and  7-3  show  summaries  of  the  composite  con5)arison  of 
analysis  emd  test  structure  response  results  at  several  locations  for  all  four 
tests.  Figure  7-1  shows  the  comp6a*isons  for  the  peaJc  accelerations  in  the  ver- 
tical direction.  The  percentage  differences  are  shown  in  parentheses.  In  some 
individual  comparisons,  a substantial  percentsige  difference  exists.  However, 
the  overall  trend  of  the  analysis  consdering  all  four  conditions  is  in  agree- 
ment with  the  trend  exhibited  by  the  four  crash  test  resxilts.  From  Figure  7-1 
it  can  be  seen  that  the  predominant  response  at  all  locations  is  not  always 
associated  with  the  same  test.  Similarly,  Figure  7-2  shows  a composite  compari- 
son for  responses  in  the  longitudinal  direction.  Once  again  the  trend  shown  in 
the  aneilysis  results  for  all  the  tests  is  in  agreement  with  the  test  data. 

Figure  7-3  shows  the  summary  for  the  composite  comparison  of  all  analysis  and 
test  results  with  regard  to  the  time  of  occ\irrence  of  the  peak  accelerations. 

The  variation  in  time  between  analysis  and  test  results  shows  differences 
from  as  little  as  .001  seconds  to  as  much  as  .052  seconds.  Figure  7-^  shows 
the  distribution  of  time  differences  associated  with  the  coniparison  of  all 
the  analyses  and  tests.  In  75  percent  of  the  comparisons  the  difference  is 
±.020  seconds  or  less.  In  half  the  comparisons  the  difference  is  .015  seconds 
or  less. 

The  largest  discrepancies  are  associated  with  the  engine  vertical  com- 
parison for  Test  1+  (soil)  and  the  F.S.27  and  F.S.60  floor  comparisons  for 
Test  3.  For  the  Test  U case  the  differences  in  analysis  and  test  for  engine 
responses  have  been  discussed  in  Section  6.U.3.  The  Test  3 analysis  peak 
responses  occur  much  earlier  than  the  corresponding  test  peaks.  The  difference 
in  time  of  occurrence  of  peak  responses  is  consistent  with  the  plot  of  eg 
translational  velocities  (Figure  6-21).  In  Table  7-11  a summary  of  energy 
components  is  listed.  From  this  table  it  can  be  seen  that  the  crushing  energy 
for  Test  3 reduces  from  a peak  of  12.5  percent  of  the  total  energy  to  less  than 
3 percent  of  the  total  energy  at  the  conclusion  of  the  analysis.  This  trend 
indicates  that,  perhaps,  the  externeLL  springs  used  in  the  model  do  not  allow 
for  sufficient  energy  absorption  prior  to  bottoming. 
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Figure  7-2.  Summary  of  Comparison  of  Analysis  and  Test  Structure 
Longitudinal  Responses,  Crash  Tests  1 through  1* 


LONGITUDINAL  DIRECTION 
VERTICAL  DIRECTION 


Summary  of  Comparison  of  Analysis  and  Test  Time  of  Occurrences 
of  Peak  Values,  Crash  Tests  1 through  1+ 


Figure  7-h.  Distribution  of  Time  Differences,  Crash  Tests  1 through  h 


r ^ 


Figure  7-5  is  used  to  illustrate  this  point.  The  spring,  which  is  used 
to  represent  structure  crushing,  bottoms  when  point  D (Figure  7-5)  is  reached. 

After  bottoming,  subsequent  loading  and  unloading  proceeds  in  a linear 
fashion  along  line  D-E  and  its  extensions.  If  the  maximum  crushing  energy 
is  associated  with  a large  peak  along  this  linear  slope,  then  most  of  this 
crushing  energy  will  be  returned  to  the  system  during  unloading.  Only  that 
portion  of  the  energy  under  0-A-B-C-D  on  this  curve  is  not  reintroduced  into 
the  system.  In  the  actual  test  results,  the  structure  contacting  the  ground 
does  not  exhibit  this  strong  tendency  to  rebound. 


Figure  7-5.  External  Spring  Load-Deflection  Curve 
7.5.5  Cabin  Deformation 

Figure  7-6  shows  a comparison  of  analysis  versus  test  cabin  deformations 
for  Tests  1,  3 and  !<.  The  analysis  does  not  show  the  degree  of  midcabin  defor- 
mation that  is  observed  in  the  tests.  However,  the  analysis  shows  a trend  to 
more  deformation,  particularly  in  the  forward  fuselage,  as  we  progress  from 
Test  1 to  Test  3 to  Test  U.  The  differences  between  the  analysis  and  test  are 
related  to  the  selection  of  input  data  parameters,  primarily  internal  beam  non- 
linear characteristics. 
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7.5-6  Occupant  Response 


KRASH  provides  the  user  with  data  which  can  be  useful  in  evaluating 
potential  dangers  to  occupant  safety.  This  data  consists  of: 

(a)  Floor  pxilses 

(b)  Cabin  deformation 

(c)  Structure  failiures 

(d)  Element  deflections 

(e)  Energy  distribution 

(f)  DRI's 

(g)  Occupant  responses 

The  comparisons  between  analysis  and  test  for  items  (a)  through  (e)  have 
been  summarized  in  Sections  7-5.1  through  7.5-5-  The  summary  of  analysis  and 
test  results  for  items  (f)  and  (g)  is  presented  in  this  section. 

i 

The  Dynamic  Response  Index  (DRI)  is  an  analytical  measure  of  potential 
for  an  occijpant  spinal  compression  injury.  The  analysis  of  each  of  the  four 
crash  test  conditions  indicates  little  or  no  probability  of  such  an  injury  to 
the  pilot  or  copilot.  The  peak  DRI  values 'are  shown  below: 


Test  Number 

Peak  DRI  Value 

- .Pilot 

Copilot 

1 

. 8.8 

* 

9.9 

2, 

9.1 

8.5 

3 

3.1 

U.2 

k 

(a) 

(a) 

(a)  Negligible 

The  occupant  lower  torso  accelerations  are  obtained  analytically  and  com- 
pared to  the  measured  pelvic  responses.  Figure  7-7  presents  a summary  of  the 
vertical  responses.  From  Figure  7-7  it  can  be  seen  that: 
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Figure  7-7.  Summary  of  Comparison  of  Analysis  amd  Test  Occupant  Lower 
Torso  Vertical  Accelerations,  Crash  Tests  1 through  h 
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• The  emalytical  peak  values  are  generally  lower  than  the  corresponding 
test  values. 

• The  analysis  trend  is  similiar  to  the  test  trend  except  for  Test  4 
(impact  into  soil). 

The  comparison  of  occupeuit  responses  in  the  longitudinal  direction  is  not 
presented.  As  noted  in  Section  6,  current  KRASH  modeling  is  limited  with  re- 
gard to  accounting  for  occupant  motion,  particularly  in  the  longitudinal 
direction  where  restraint  systems  have  a strong  influence  on  the  occupants 
behavior. 

[.3‘1  Impact  into  Soil 

Modeling  an  impact  into  soil  presents  several  difficulties  with  represent- 
ing a time  varying: 

• Contact  surface. 

• Coefficient  of  friction. 

• Ground  flexibility. 

As  noted  in  Section  5.0  the  procedure  used  in  an  initial  attempt  to  model 
soil  penetration  consists  of  using  an  average  ground  flexibility  and  constant 
ground  coefficient  of  friction.  The  results  eire  sensitive  to  the  magnitude 
selected  for  the  ground  parameters  (flexibility,  friction  coefficient)  and  inte- 
gration interval.  In  illustrate  this  point,  a variation  in  ground  flexibility 
was  investigated  to  ascertain  the  effects  on  the  response.  The  results  of  this 
investigation  are  presented  in  Tables  T-15  and  T-l6.  From  Table  7-15  it  can  be 
seen  that  a 25  percent  change  in  ground  flexibility  can  change  results  quite 
significantly,  particularly  some  of  the  failure  events  and  times  of  occurrence 
of  other  events.  From  Table  7-l6  it  can  be  seen  that  some  energy  changes  occur, 
but  they  are  not  as  substantial  as  compared  to  individual  responses.  It  is 
interesting  to  note  that  the  higher  ground  flexibility  analysis  was  run  to 
0.l60  seconds  (versus  0.120  seconds  for  0.0036  ground  flexibility)  and  that 
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TABLE  7-15.  SUMMARY  OF  ANALYTICAL  RESULTS  FOR  DIFFERENT  GROUND  FLEXIBILITIES 
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(a)  Time  in  seconds  after  impact 


TABLE  7-16.  COMPARISON  OF  ENERGY  DISTRIBUTION  AS  k FUNCTION  OF 
GROUND  FLEXIBILITY,  CRASH  TEST  1* 


GROUND  FLEXIBILITY 

ENERGY  COMPONENT 

.00036 

.OOOU5 

Time  of  Analysis  (T  ),  Seconds 
r 

.120 

.120 

.160 

Peak  Energy  (a) 

Strain 

29.9 

27.8 

27.8 

Damping 

T.I9 

5.08 

7.63 

Crushing 

17.0 

18.1 

18.1 

Friction 

35.8 

36.31* 

36.59 

Energy  at  T^j,  (a) 

Kinetic 

16. U 

16.1+7 

16.09 

Potential 

3.11 

3.03 

3.72 

Strain 

25.02 

2U.53 

21.36 

Damping 

7.19 

5.08 

7.63 

Crushing 

12.51 

II+.55 

II+.62 

Friction 

35.8 

36.31+ 

36.59 

Percent  Energy  Change  (b) 

+ 5.01 

+ 5.26 

+ 5.32 

(a)  Percent  of  total  energy 

(b)  /Final  Total  - Initial  Total 

( Initial  Total 


X 100 


practically  no  additional  energy  growth  occurred  in  the  analytical  results 
during  the  extended  time.  This  suggests  that  the  modeling  of  the  soil  has 
an  influence  on  the  computation  of  energy. 

7.5.8  Severity  Ranking 

The  analysis  results  are  compared  to  the  test  results  on  the  hasis  of 
how  they  would  rank  tests  with  regard  to  severity.  Table  7-17  presents  the 
results  of  this  con^iarison.  The  comparison  takes  into  consideration  energy, 
structure  damage,  failures,  cabin  deformation,  occupant  response  and  structure 
response.  Consistently  the  analyses  and  test  results  are  in  agreement  with 
regard  to  the  severity  rank  that  should  be  applied  to  the  test  conditions. 
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SECTION  8 


CONCLUSIONS 


Four  full  scale  crash  tests  of  a light,  single-engine,  high  wing  airplane 
configuration  encompassing  a wide  range  of  impact  conditions  were 
successfully  performed. 

Program  KRASH's  capability: 

• To  perform  satisfactory  structural  crashworthiness  analysis  for  genereil 
aviation  airplanes  has  been  successfully  verified  with  experimental 
data  from  four  full  scale  crash  tests. 

• Has  been  expanded  and  its  usage  facilitated  with  modifications  incorpo- 
rated during  Task  II. 

Math  modeling  of  airplane  crashes  into  soil  ru-uires  additional  analytical 
refinements  and  data  substantiation. 

KRASH  is  not  used  to  model  detailed  occupan^ -restraint-seat  system 
interaction.  KRASH  obtained  data  provides  input  parameters  for  more 
complete  occupant-restraint-seat  math  models . 
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APPENDIX  A 

CRASH  TEST  U SOIL  BED  MAINTENANCE  AND  MEASUREMENT 

A.l  GENERAL 

For  Crash  Test  U a soil  bed  was  Installed.  Preparation  of  the  soil  for 
this  test  consisted  of  pre-test,  post-test  and  laboratory  tests  to  ascertain 
soil  properties.  The  following  subsections  describe  briefly  the  maintenance 
and  preparation  of  the  soil  bed  for  Crash  Test  1*. 

A. 2 PRE-TEST  SOIL  MEASUREMENTS 

The  soil  bed  was  installed  several  days  prior  to  the  test.  Pre-test 
penetration  measurements  indicated'  significant  drying  of  the  soil  and  some 
strength  increases  from  initial  measurements.  To  increase  the  soil  moisture, 
approximately  750  gallons  of  water  were  added  and  the  soil  covers  replaced. 

On  the  day  prior  to  the  test,  surface  CBR  measurements  were  made  using  a 
NASA  supplied  crane  as  a reaction  load  for  the  CBR  Jack.  Limits  on  access- 
ibility restricted  the  location  at  which  measurements  could  be  made.  Time 
during  which  the  crane  was  available  also  limited  the  number  of  measurements . 
After  CBR  tests  were  completed,  airfield  penetrometer  measurements  were  also 
made  to  obtain  a profile  of  soil  strength  with  depth.  In  many  cases,  penetro- 
meter tests  had  to  be  repeated  because  buried  tree  roots  were  encountered.  At 
the  end  of  the  work  day  the  soil  surface  was  sprinkled  by  water  hose  and 
covered  to  retard  evaporation. 

The  soil  bed  was  uncovered  for  grid  marking  Just  prior  to  the  crash  test. 
Access  to  the  test  bed  surface  was  limited  beyond  approximately  9:30  a.m. 
Consequently,  there  was  some  surface  drying  prior  to  the  1:30  p.m.  test  but 
was  not  of  a sufficient  amount  to  significantly  affect  the  soil  bed  strength. 
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A. 3 POST-TEST  SOIL  MEASUREMENTS 


Access  to  the  soil  after  the  crash  area  was  delayed  approximately  1+5 
minutes  for  safety  reasons.  Initial  probes  of  the  soil  around  the  impact 
area  indicated  little  change  in  the  average  soil  strength.  Airfield  index 
measurements  indicated  that  loose  soil  had  refilled  an  impact  crater  left 
by  the  aircraft  engine. 

It  was  planned  to  excavate  the  loose  material  and  attempt  to  measure 
the  true  impact  crater  on  the  day  after  the  test,  but  heavy  rains  throughout 
the  day  prevented  excavation.  This  work  was  performed  the  following  day. 

A.1+  SOIL  TEST  RESULTS 

Field  and  laboratory  soil  tests  were  performed  under  the  direction  of 
Dr.  B.  Cheng  of  Old  Dominion  University.  Figures  A-1,  A-2,  and  A-3  show 
the  soil  surface  grid  pattern,  the  summary  of  CBR  measurements  and  the 
summary  of  penetrometer  measurements,  respectively. 
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DIRECTION  OP  AIRCRAFT 


Figure  A-1.  Soil  Surface  Grid  Pattern 


CBR  MEASUREMEIfi’S 
(Surface  Only) 
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Figure  A-2.  Summary  of  CBR  Measurements 
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SURVEY  AND  EVALUATION  OF  TECHNICAL  PUBLICATIONS 

B.l  GENERAL  DISCUSSION 

Dioring  the  program,  technical  publications  were  reviewed  and  their 
contents  categorized  to  assist  in  future  studies  as  noted,  in  accordance 
with  the  various  aspects  of  developing  improved  structural  crashworthiness 
designs  for  general  aviation  airplanes.  A review  and  evaluation  of  26 
publications  are  presented  herein.  The  literature  is  reviewed  with  regards 
to  aircraft  structure/flexible  ground  interaction.  In  particular,  the 
emphasis  is  placed  in  the  following  areas : 

• Analysis 

Analytical  Model,  Data  Correlation,  Parametric  Studies 

• Landing  Surface  (Soil)  Characteristics 

Material  Properties,  Roughness  Properties,  Performance  Coefficients 

• lAnding  Surface/Gear  Interaction  Tests 
Test  Procedures,  Data  Analysis 

• Full  Scale  Aircraft  Crash  Tests 

Test  Procedures,  Data  Analysis,  Empirical  Criteria 

• Design 

Procedure,  Criteria,  Design  Analysis  Tools 
(nomographs,  computer  programs) 

For  each  of  the  subject  areas  listed  above,  an  evaluation  is  performed 
which  identifies  the  literature  applicable  to  that  particular  subject  and 
the  contribution  of  each  report.  A composite  s\mnnary  of  the  pertinent 
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i aspects  of  the  literatiire  with  regard  to  structural  crashworthiness  anal- 

j ysis  is  also  presented. 

I In  addition  to  the  literature  survey  and  evaluation,  a summary  or 

I abstract  of  each  report,  a literature  s\jrvey  subject  index  and  a soil/ 

I interaction  test  parameter  index  are  included.  Both  of  the  indices  con- 

i 

! tain  a matrix  categorization  of  the  contents  of  the  reports  and  area  of 

I application  or  test  parameter.  The  report  reference  numbers  listed  in  the 

\ indices  are  applicable  to  this  Appendix  only. 

I 

I B.2  ANALYSIS 

ij 

iThe  bulk  of  mathematical  modeling  of  flexible  grovind/aircraft  struc- 
ture deals  with  tire/wheel/ landing  gear  representations.  Reference  (2) 
describes  the  results  of  a study  to  investigate  the  interaction  between 
H the  landing  gear  of  the  OV-lOA  airplane  (Gross  Weight  = 9755“105^7  pounds) 

I and  soft  soil  for  landings  ranging  in  sink  speed  from  8 to  l8  ft/sec.  An 

j analytical  model  of  the  pneumatic  tire  on  soft  soil  was  developed.  No 

correlation  between  analysis  and  test  was  performed.  References  (3)>  (^) 
and  (5)  describe  a series  of  programs  sponsored  by  the  Air  Force  Flight 
Dynamics  Laboratories  (AFFDL)  which  were  conducted  primarily  to  develop 
methods  for  evaluating  techniques  for  determining  aircraft  take-off  per- 
formance, loads  and  capabilities.  Reference  (4)  describes  computer  pro- 
grams which  were  developed  for  calculating  loads  and  dynamic  response  of 
aircraft  operating  on  unpaved  surfaces.  Reference  (3)  describes  a com- 
puter program  which  incorporates  the  soil/wheel  interaction  model  with  a 
simulation  of  the  C-130  during  taxi  and  takeoff.  Reference  (5)  describes 
an  analog  computer  program  developed  to  incorporate  the  high  speed  effects 
found  during  testing  into  a soil-gear  interaction  model. 

References  (8),  (lO)  and  (U)  describe  additional  AFFDL  sponsored  i 

efforts  involving  landing  gear-soils  interaction.  Reference  (8)  describes 

i 

1 
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the  variables  which  significantly  influence  aircraft  performance  irtien 
operating  on  soil  runways.  At  the  time  of  the  referenced  report,  sinkage 
analysis  accuracy  was  considered  to  be  between  + and  ^ 100^.  Refer- 
ence (lO)  describes  efforts  aimed  at  defining  landing-gear  soil  interaction 
and  developing  flotation  criteria  to  be  used  in  comparative  evaluation  of 
the  relative  merits  of  various  landing  gear  configurations.  En5)irical 
sinkage  prediction  equations  were  developed  for  cohesive  and  cohesionless 
soils.  Reference  (11)  describes  the  third  phase  of  a study  to  suialytically 
define  landing  gear-soil  interaction.  The  three  studies,  References  (8), 
(lO),  (ll),  cover  single  and  multiple  wheel  gears  operating  on  clay,  sand 
and  mixed  soils.  Reference  (15)  describes  a study  which  includes  the  de- 
velopment of  a mathematical  model  to  study  tire-soil  interaction.  Empiri- 
cal expressions  were  developed  which  relate  soil  sinkage  and  rolling  re- 
sistance to  soil  strength,  tire  vertical  force,  tire  characteristics  suid 
taxi  velocity.  Reference  (l6)  presents  a prediction  method  for  estimating 
wheel  sinkage,  landing  gear  drag,  and  aircraft  tedce-off  performance  on  clay 
and  sand  airfields  of  various  bearing  strengths.  The  method  is  based  on 
using  modified  mobility  numbers  developed  by  the  U.S.  Army  Waterways  Experi- 
mental Station  (WES).  ’Reference  (19)  presents  a statistical  analysis  tech- 
nique for  the  classification  of  virgin  terrestrial  and  extraterrestrial 
surface  roughness . Semi-empirical  relationships  are  presented  in  Refer- 
ence (l)  to  relate  shearing  resistance  and  rate  of  shear  deformation.  The 
data  presented  in  this  study  are  based  on  laboratory  tests  in  which  the 
strain  rate  varies  up  to  13.3  rad/sec.  Correlation  between  analysis  and 
test  is  presented  in  References  (3),  (5),  (15)  and  (l6).  Figures  B-1  and 
B-2,  obtained  from  Reference  (3)>  present  a comparison  between  analysis 
and  test  results  for  CBR  1.5  Clay. 
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B-3  LANDING  SUEFACE  (SOIL)  CHAEIACTERISTICS 

References  (3),  (6),  (lO),  (l4),  (l6),  and  (21)  discuss  programs  in 
which  the  properties  of  sand  and  clay  soils  are  considered.  Clay  soil 
properties  are  also  discussed  in  References  (l),  (4),  (5),  and  (17). 
Reference  (7)  provides  soil  strength  performance  data  for  coarse  grained 
sandy  soils.  Reference  (26)  describes  triaxial  tests  for  investigating 
the  effect  of  strain-rate  on  the  strength  of  dry  and  saturated  seuids. 
References  (3),  (4)  and  (5),  while  involving  soil  materials,  were  performed 
primarily  to  develop  analytical  methods  for  determining  landing  gear 
dynamic  loads.  An  investigation  of  different  soils  at  different  strength 
levels  under  very  slow  (11  mph)  moving  vehicles  is  described  in  Refer- 
ence (6).  Reference  (lO)  considers  clay,  sand  and  mixed  soils  for  use  in 
the  development  of  sinkage  prediction  equations.  The  soil  was  assumed  an 
elastic,  perfectly  plastic  material  in  this  program.  A preliminary  Single 
Wheel  Relative  Merit  Index  (RMl)  was  developed  during  this  program  to  per- 
mit a comparative  evaluation  of  the  flotation  characteristics  of  aircraft 
tires  on  soil.  Reference  (13)  describes  a program  in  which  a series  of 
traffic  tests  were  performed  on  mat-surfaced  and  unsurfaced  subgrades. 
Numerous  wheel  configurations,  loads  and  tire  pressures  were  included.  In 
Reference  (l4),  four  clay  test  beds  of  different  moisture  content  and  one 
sand  bed  were  used  to  explore  the  effects  on  axle  drag  loads  developed 
during  operation  at  different  tire  inflation  pressures  in  free  rolling, 
locked  wheel  braking  and  yawed  (cornering)  modes,  all  at  forward  speeds  up 
to  95  knots.  Reference  (15)  sxmimarizes  the  results  of  a five-phase  pro- 
gram. Phase  II  included  a site  selection  and  field  measurement  program  to 
obtain  field  roughness  profiles  €uid  soil  strength  information  from  fields 
typical  of  those  expected  to  be  found  in  remote  theaters  of  operation. 

The  sites  selected  represented  various  degrees  of  preparation,  from  semi- 
prepared  to  unprepared  and  included  a variety  of  soil  types.  Reference  (17) 
contains  a description  of  the  construction  and  maintenance  of  the  buckshot 
clay  test  bed  used  for  tandem  and  single  wheel, high  speed  landing  gear 
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tests  conducted  at  the  MSA  Landing  Loads  Track.  Reference  (21 ) describes 
a program  to  determine  the  effect  of  aircraft  dynamic  wheel  loads  on  air- 
port pavements.  Appendices  C and  F of  Reference  (ll)  contain  data  with  re- 
gard to  soil  laboratory  tests  and  wave  propagation  velocities  for  paving 
materials,  respectively.  Landing  surface  roughness  characteristics  are 
discussed  in  References  (2),  (3),  (^),  (15),  (l9),  and  (21). 

B.U  LANDING  SURFACE/GEAR  IOTERACTION  TESTS 

References  (l),  (3),  (5),  (6),  (ll),  (lU),  (17)  and  (l8)  describe  labor- 
atory tests  to  define  material  behavior,  facilitate  the  development  of  analyt- 
ical models,  define  parameter  relationships  or  further  the  development  of  cri- 
teria. With  the  exception  of  References  (l)  and  (ll),  the  references  re- 
late landing  gear  and/or  wheel  performance  to  soil  strength  and/or  behavior. 
Reference  (l)  describes  tests  to  determine  shearing  resistance  of  cohesive 
soils  subject  to  shear  strains  applied  at  various  rates.  The  relationship 
between  shearing  resistance  and  rate  of  shear  deformation  was  established 
for  various  soil  densities  expressed  in  terms  of  initial  void  ratio  or 
water  content  (see  Figure  B-3) . Reference  (ll)  presents  the  results  of 
twinplate  vertical  load  tests  to  determine  sinkage  interaction  effects 
produced  by  adjacent  dynamic  plate  loads  (see  Figure  B-i^).  Soil  auid/or 
landing  surface  field  tests  are  described  in  References  (2)  and  (13). 

The  data  from  Reference  (2)  are  used  to  form  a representation  of  soil 
static  and  dynamic  properties.  Figures  B-5  and  B-6,  obtained  from  Refer- 
ence (2),  illustrate  the  type  of  curves  that  are  generated  from  the  test 
data.  The  results  of  laboratory  soil  and  scaled  pavement  tests  are  pre- 
sented in  Reference  (21).  Soil  characteristics  such  as  California  Bearing 
Rates  (CBR),  moisture  content,  grain  size  distribution  and  damping  charac- 
teristics were  determined.  Concrete  and  asphaltic -concrete  slab  character- 
istics were  also  determined.  Typical  CBR,  dry  density,  moisture  content 
and  subsoil  modulus  relationships  are  shown  in  Figures  B-7  and  B-8. 

Empirical  criteria  are  presented  in  References  (7),  (ll)  and  (13)-  In 
Reference  (7)  independent  tire  soil  and  system  parameters  are  related  to 
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Soil  Depth  (Z)  - In. 


NOTE:  The  Terrain  Hardness  Scale  is  an  arbitrary  scale 
established  in  Reference  (2).  Soil  tests  to 
determine  CBR  values  were  not  conducted,  and  a 
general  method  of  transformation  between  penetro- 
meter value  which  established  the  above  curves 
and  CBR  units  does  not  exist. 


Figure  B-5.  Static  Soil  Pressure  Curves 
(Reference  2) 

B-11 


Figure  B-7.  Subsoil  Properties  - CBR  and  Dry- 
Density  vs  Moisture  Content 
(Reference  27) 
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performance  coefficients.  A combination  of  independent  parameters  called 
mobility  nvmibers  were  developed  which  account  for  the  combined  effects  of 
soil  strength,  tire  section  width  and  diameter,  wheel  load  and  tire  deflec- 
tion on  wheel  performance  as  measured  by  performance  coefficients.  The 
mobility  numbers  developed  in  this  report  are  applicable  to  single  wheel 
landing  gears  operating  on  sand  at  speeds  common  to  surface  vehicles. 
Reference  (ll)  provides  criteria  applicable  to  multiwheel  landing  gears 
VThich  permit  the  evaluation  of  aircraft  flotation  performances  rather  than 
single  tire  performance.  The  criteria  also  permits  designers  to  determine 
optimum  landing  gear  configurations  for  aircraft  leading  to  drag  minimiza- 
tion. Reference  (13)  presents  single  wheel  criteria  for  the  efficient 
design  of  aircraft  landing  gears  based  on  testing  involving  different  wheel 
configurations  (1  to  12  wheels),  loads  (lOOO  to  273000  po\mds),  aud  tire 
pressures  (10  to  25O  psi). 
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B.5  FULL  SCALE  AIRCRAFT  CRASH  TESTS 


1 


Full  scale  aircraft  crash  tests  in  which  a flexible  ground  surface  is 
included  are  described  in  References  (20),  (22),  (23)  and  (24).  Refer- 
ence (20)  describes  the  results  of  crash  tests  of  light-airplanes  (1200 
pounds)  into  an  earthen  barrier.  Impact  speeds  of  42,  4?  and  60  niph  were 
investigated.  To  simulate  accidents  in  which  the  airplane  stalls  and 
strikes  the  ground  as  it  enters  a spin,  the  earthen  barrier  was  shaped  and 
located  relative  to  a guide  rail  along  which  the  airplane  traveled  such 
that  the  engine,  left  landing  gear  and  left  wing  tip  struck  the  barrier 
simultaneously.  The  airplanes  used  were  a steel  tube,  fabric  covered, 
tandem,  two-seat  type.  The  report  concludes  that  the  occupants  of  air- 
planes of  the  type  used  in  the  investigation  would  not  be  endangered  by 
deforming  cabin  structure  unless  crash  iD5)act  speeds  exceeded  42  itgjh. 
Inwardly  collapsing  cabin  structure,  however,  is  a potential  hazard  in  the 
higher-speed  crashes.  Reference  (22)  presents  results  of  a program  in- 
volving full-scale  transport  airplanes  simulating  takeoff  and  landing 
accidents  for  pressurized  low-wing,  unpressurized  low-wing  and  unpressurized 
high  wing  aircraft.  The  resultant  damage  was  from  moderate  to  severe.  The 
unmanned  airplanes  were  guided  along  a runway  under  their  own  power  into 
a set  of  obstacles  designed  to  produce  a series  of  crash  events.  The  im- 
pact angles  varied  from  4 to  29  degrees  and  the  impact  velocity  ranged 
from  63  to  109  mph.  Figure  B-9,  obtained  from  Reference  (22),  shows  plots 
of  variation  of  maximum  normal  acceleration  as  a function  of  impact  angle 
and  distance  ftrom  impact  point.  The  crash  site  for  the  tests  described  in 
Reference  (22)  was  predominantly  clay.  The  sliding  coefficient  for  alumi- 
num was  taken  as  equal  to  O.3O.  This  report  contains  a discussion  in 
vdiich  the  relationship  between  crumpling,  plowing  and  friction  forces 
are  treated.  The  kinetic-energy  loss  is  equated  to  the  work  done  in 
collapsing  the  fuselage  structure  and  compressing  the  soil.  Utilizing 
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Figure  B-9.  Effect  of  Position  in  Airplane  and 
Airplane  Configuration  on  Maximum 
Normal  Accelerations  During  Unflared 
Landing  Crases  (impact  Velocity 
Corrected  to  95  mph)  (Reference  22) 
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Figure  B-10.  Comparison  of  Calculated  and  Experimental  Values  for  Maximum  Normal 
Acceleration  at  Various  Impact  Angles  (Impact  Speed  Corrected  to 
95  mph).  (Reference  22) 


ever,  it  is  cautioned  that  the  equations  developed  during  the  program  and 
presented  in  the  report  should  not  be  used  to  calculate  the  magnitude  of 
the  acceleration  in  crashes  involving  different  circumstances  and  different 
airplanes.  References  (23)  and  (24)  describe  the  results  of  full  scale 
crash  tests  of  a Lockheed  Model  l649A  aircraft  and  Douglas  DC-7  aircraft, 
respectively.  The  test  procedures  to  obtain  desired  impact  conditions  were 
similar  to  those  described  in  Reference  (22).  Initial  impact  was  at  112 
knots  against  barriers  which  removed  the  landing  gear,  permitting  the  air- 
plane to  become  airborne  until  contact  with  wing  and  fuselage  bsurriers. 

The  terrain  was  sloped  20  degrees  at  the  fuselage  impact  point.  No  attempt 
in  the  program  was  made  to  relate  responses  to  the  type  of  flexible  ground 
that  was  used.  With  the  exception  of  Reference  (22)  none  of  the  reports 
referenced  herein  discuss  the  properties  of  the  terrain  or  the  influence 
it  may  have  had  on  the  results.  Also,  with  the  exception  of  the  brief 
analysis  described  in  Reference  (22),  none  of  the  crash  tests  are  supported 
by  analysis  of  the  results  from  the  standpoint  of  developing  analytical 
models  to  predict  responses,  even  on  an  inflexible  ground.  In  general, 
the  responses  recorded  during  the  tests  are  tabulated  and  related  to  hirnian 
tolerance  curves. 
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;;  b.6  design  procedures  and  criteria 

There  are  many  design  prcxiediares  and  computer  programs  available  for 
assessing  landing  gear  and  aircraft  performance  during  take-off  and 
landing  from  various  types  of  airfields.  Con^juter  programs  are  available 
j|  for  single  wheel  (References  (3)  and  (lO))  and  multiple  wheel  (References 

ij  (3),  (11)  and  (15))  landing  gears.  In  addition,  design  curves  or  nomo- 

graphs are  also  available  for  single  wheel  (Reference  (13))  and  multiple 
wheel  (References  (8),  (9)  and  (12))  configurations.  Reference  (4)  con- 
tains a series  of  con^juter  programs  to  help  evaluate  various  aircraft 
operations,  including  airfield  capability,  landing  impact  with  and  without 
rmout,  taxi,  take-off  and  turning.  Reference  (16)  provides  a digital  com- 
puter program  for  use  in  predicting  take-off  performance  on  clay  and  sand 
airfields.  The  prediction  of  the  dynamic  response  of  lunar  vehicles  which 
traverse  yielding  amd  imyielding  surfaces  is  available  from  an  analogue 
computer  program  described  in  Reference  (19)-  Reference  (21)  presents  a 
digital  computer  program  for  predicting  the  rigid  and  flexible  pavement 
responses  due  to  moving  loads  as  well  as  pavement  design  criteria  and 
procedures.  Reference  (21)  also  contains  a list  of  additional  literature 
in  its  Appendix  A (Literature  Survey)  which  may  provide  additional  useful 
information.  Subjects  which  may  be  of  interest  include  Airport  Pavement 
Response  (Static  and  Dynamic  Analysis),  Material  Chatracterization,  and 
Pavement  Testing.  Several  references,  including  (4),  (9),  (lO),  and  (13) 
provide  criteria  related  to  aircraft  flotation  and  include  the  effects  of 
soil  interaction. 

B.T  SUMMARY 

The  review  of  available  literature  attempts  to  encompass  a wide  cross 
section  of  areas.  The  emphasis  in  this  literature  evaluation  is  on  air- 
field applications.  The  test  data  that  sure  available  are  generally  ob- 
tained for  the  purpose  of  supporting  emalyses  or  for  the  development  of 
procedures  and  criteria  to  evaluate  aircraft  performance,  suid  not  for  the 
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purpose  of  helping  predict  dynamic  responses  wherein  large  deformations 
occur.  Even  the  full  scale  crash  tests  that  have  previously  been  performed 
on  flexible  ground  surfaces  have  not  addressed  themselves  to  the  signi- 
ficance of  the  terrain  properties  on  structure  and,  ultimately,  occupant 
response.  For  example,  little  or  no  measurements  of  ground  flexibility, 
moisture,  finish,  or  distribution  as  a function  of  depth  or  space  have 
been  made  in  any  of  the  full  scale  crash  tests  reported  herein.  No 
measurements  have  been  made  to  ascertain  penetration  by  airframe  or  the 
relationship  of  penetration  to  airframe  size  or  shape  or  to  the  impact 
velocities.  While  the  penetration  of  ground  by  tires  (sinkage)  for  the 
landing  gear-ground  interaction  is  available,  these  data  do  not  relate 
easily  to  the  impact  velocity  combinations  and  varied  shapes  that  pene- 
trate a flexible  ground  during  a crash  condition. 


The  research  effort  with  regard  to  developing  analytical  models  to 
describe  landing  gear-soil  interaction  and  provide  flotation  criteria  for 
aircraft  operating  from  unpaved  runways  is  substantial.  A heavy  reliance 
is  placed  on  the  use  of  the  Mobility  Number  ( n ) = Cl(bd)  ( ^t 


where  Cl 
bd 
F. 


Cone  Index 
Tire  Print  Area 
Tire  Force 
Tire  Deflection 
Height  of  Tire 


However,  the  analytical  techniques  developed  for  landing  gear-soil  inter- 
action use  are  not  directly  applicable  to  structural  crashworthiness  in- 
vestigations. Modifications  are  needed  which  account  for  airframe  shape, 
crash  attitude,  shear  flow  distribution,  structure  flexibility,  and 
dynamic  load  effects . 


The  analysis  of  flexible  ground-structure  interaction  during  relatively 
high  dynamic  impact  conditions  would  benefit  from  an  orderly  and  concerted 

♦The  above  mobility  number  is  for  clay  soil.  Mobility  numbers  for  other 
types  of  soil  tsdce  other  forms. 
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effort  to  accumulate  data  from  typical  airframe-terrain  interaction  tests 
and  supportive  laboratory  soil  tests.  As  a minimum,  spatial  and  depthwise 
material  properties  (CBP,  soil  strength,  moisture  content),  airframe  re- 
sponse in  the  region  of  inpact,  airframe  configuration  (shape  and  size), 
post-impact  terrain,  penetration  (size  and  depth)  for  a range  of  typical 
airplane  impact  velocities  and  attitudes,  and  soil  configxiration  is 
needed.  The  data  should  be  obtained  for  the  purpose  of  developing  cvirves 
which  relate  vertical  force  to  sinkage  as  a function  of  CBR,  soil  shear 
strength  to  CBR,  and  horizontal  force  to  frontal  area  as  a function  of 
shear  strength. 

b.8  literature  matrix  categorization 


Table  B-1  presents  a literature  matrix  categorization  which  cross 
indexes  subject  matter  and  references.  Table  B-2  provides  a summary  by 
report  namber  of  applicable  test  data. 


TABLE  B-1.  LITERATURE  MATRIX  CATEGORIZATION 
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TABLE  B-1.  LITERATURE  MATRIX  CATEGORIZATION  (Continued) 
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TABLE  B-2.  SOIL/INTERACTION  TEST  PARAMETER  INDEX 
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TABLE  B-2.  SOIL/ INTERACTION  TEST  PARAMETER  INDEX  (Continued) 


Report  Number  in  the  Llteratxire 


B.9  ABSTRACTS 


1.  Cheng,  Robert  Y.K. ; EFFECT  OF  SHEARING  STRAIN-RATE  ON  THE  ULTIMATE 

SHEARING  RESISTAircE  OF  CLAY;  NASA  CR-263U;  February  1976 

This  report  describes  laboratory  tests  performed  to  determine  the 
shearing  resistance  of  cohesive  soils  subjected  to  strain  rates 
between  1 and  ih  rad/sec.  A fast  step-loading  torque  apparatus  was 
used  to  induce  a state  of  pure  shear  in  a hollow  cylindrical  soil 
specimen.  The  relationship  between  shearing  resistance  and  rate 
of  shear  deformation  was  established  for  various  soil  densities 
expressed  in  terms  of  initial  water  content. 

The  results  of  the  tests  described  in  this  report  show  that  the 
shearing  resistance  increases  initially  with  shearing  velocity,  but 
subsequently  reaches  a terminal  value  as  the  shearing  velocity  in- 
creases. The  terminal  shearing  resistance  was  found  to  increase  as 
the  density  of  the  soil  increases. 

Mississippi  Buckshot  Clay  was  used  in  all  the  tests  described  in 
this  report.  This  is  the  same  type  of  clay  used  in  the  test  beds 
at  the  NASA-Langley  facility  for  the  measvirement  of  drag  loads  on 
aircraft  tires  during  high-speed  operations  in  clay  soil. 

2.  Cook,  C.E.  and  Gargiulo,  J.D.;  AN  INVESTIGATION  OF  LANDING  GEAR-SOFT 

SOIL  INTERACTION  UTILIZING  THE  OV-lOA  AIRCRAFT;  North  American 
Aviation/Coluiribus,  North  American  Rockwell;  NR  70H-570; 

January  1971. 

This  report  presents  the  results  of  a study  to  investigate  the  inter- 
action between  the  landing  gear  of  the  OV-lOA  airplane  and  soft  soil. 
Sixteen  landing  and  takeoffs  were  made  by  the  OV-lOA  on  soft  \jnpre- 
pared  terrain.  Two  fifty-channel  oscillographs  were  used  to  measure 
time  histories  of  airplane  response.  Measinrements  were  also  taken 
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of  the  terrain  contour  and  static  and  dynamic  strengths  of  the  soil. 
Landings  were  successfully  performed  with  soil  penetrometer  (static 
strength)  readings  as  low  as  40  (static  load  of  20  psi)  for  sink 
speeds  as  great  as  l6  feet  per  second. 

An  analytical  model  of  soil  is  developed  by  assuming  that  the  static 
and  dynamic  strength  properties  of  soil  may  be  represented  by  a 
second  order  differential  equation  with  variable  stiffness  and 
damping  coefficients.  These  are  determined  from  experimental  data 
from  penetrometer  and  a specially  constructed  cylinder  drop  test 
vehicle . 

An  analytical  model  of  a pneumatic  tire  on  soft  soil  is  also  de- 
veloped. The  primary  inputs  to  the  model  are  the  vertical  and  dreig 
forces  generated  by  the  soil  model. 

Equations  of  motion  are  presented  for  a mathematical  model  of  the 
OV-lOA  lainding  and  taking  off  from  yieldable  uneven  terrain.  This 
model  simulates  the  soil-tire  interactions,  landing  gear-airplsme 
interactions,  and  airplane  dynamic  response.  A system  of  20  non- 
linear, coupled  second  order  differential  equations  are  used. 
Analytical  determination  of  landing  gear  loads  for  correlation  with 
experimental  data  was  included  in  the  work  to  be  performed  under 
this  contract.  However,  this  task  could  not  be  accomplished  within 
the  allocated  funds. 

3.  Cranshaw,  B.M. ; AIRCRAFT  LANDING  GEAR  DYNAMIC  LOADS  INDUCED  BY  SOIL 
LANDING  FIELDS,  VOL.  I:  PREDICTION  MODEL  AND  WHEEL  LOADS; 
Flight  Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base; 
AFFDL-TR-70-169,  Vol.  I;  June  1972. 

This  report  presents  the  results  of  a study  to  develop  a mathemati- 
cal model  to  predict  sinkage  and  the  resulting  loads  for  aircraft 
wheels  operating  on  b€ure  soil  together  with  experimental  results 
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using  a 29x11  lOPR  Type  III  tire.  Four  primary  factors  which 
determine  soil  rutting  and  drag  have  been  identified.  They  consist 
of  the  tire  spring  rate,  the  soil  load  deflection  relation,  a drag 
inertia  force,  and  a lift  inertia  force.  Soil  load  deflections  are 
based  on  the  mobility  number  concept  developed  by  the  U.S.  Army 
Corps  of  Engineers  Waterways  Experiment  Station  (WES).  Empirical 
constants  obtained  from  tests  conducted  at  the  NASA-Langley  Landing 
Loads  Track  were  used  to  compute  the  inertia  forces.  Comparisons 
of  predicted  and  measured  rut  depths  and  drsig  loads  are  made  for  a 
clay  soil  with  CBR's  ranging  from  1.5  to  2.3  and  speeds  from  0 to 
90  knots  for  tire  inflation  pressures  of  30,  45,  and  70  psi.  Sim- 
ilar comparisons  are  made  for  sand  having  a surface  strength  of 
CBR  1.5-  The  experimental  program  included  173  tests  with  a single 
wheel  and  39  tests  with  two  wheels  in  tandem  on  buckshot  clay  and 
24  single  wheel  tests  on  sand.  Overall  average  differences  between 
predictions  and  test  data  for  rut  depths  were  the  following:  11^ 
on  CBR  1.5,  less  than  l^o  on  CBR  2.3.  and  1.5%  on  sand.  Overall 
average  differences  for  drag  loads  were  the  following:  6%  on  CBR  1.5, 
9%  on  CBR  2.3,  and  12%  on  sand.  Average  positive  and  negative 
differences  were  somewhat  higher  and  were  between  11%  and  ’i&’jo.  An 
alternate  computation  using  a spring-mass -damper  model  as  used  in 
vibrating  foundation  studies  is  also  included.  This  alternate  model 
is  not  recommended  as  it  does  not  account  for  drag  load  interaction 
and  thus  is  not  representative  of  the  physical  system.  Methods  for 
improvement  of  the  alternate  model  are  discussed.  A computer  pro- 
gram is  described  which  incorporates  the  soil/wheel  interaction  model 
with  a simulation  of  the  C-130  aircraft  diiring  taxi  and  take-off. 
Analyses  with  this  program  show  that  moderate  roughness  has  negli- 
gible effect  on  take-off  distance  for  either  soft  fields  or  hard 
surfaces . 
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4.  Crenshaw,  B.M. ; DEVELOPMENT  OF  AN  ANALYTICAL  TECHNIQUE  TO  PREDICT 
AIRCRAFT  LANDING  GEAR/SOIL  INTERACTION;  Flight  Dynamics 
Laboratory,  Wright-Patterson  Air  Force  Base;  AFFDL-TR-74-115, 
Vol.  I and  II;  January  1975. 

This  report  describes  methods  and  evaluating  techniques  for  deter- 
mining aircraft  takeoff  performance,  loads,  suid  capabilities  for 
operation  on  soil  surface  airfields.  In  addition  to  take-off  and 
landing  distance  evaluations,  considerations  have  also  been  given 
to  ground  operations  such  as  landing  impact,  taxi,  and  turning. 
Calculation  procedures  have  been  developed  and  criteria  recommenda- 
tions made. 

A revised  soil  model  has  been  developed  to  incorporate  soil  load 
deflection  curves  and  to  allow  for  a more  meaningful  physical  repre- 
sentation of  the  soil  response  available  at  the  time  (1974).  The 
new  model  includes  the  horizontal  shear  effects  resulting  from 
"skid  sinkage". 

A series  of  computer  programs  were  developed  during  the  course  of 
this  program  for  calculating  aircraft  loads  and  dynamic  response 
on  unpaved  surfaces.  For  given  soil  strength  and  surface  rough- 
ness, these  programs  compute  rut  depth,  soil  drag  loads,  aircraft 
gear  loads,  and  structural  accelerations  as  functions  of  time 
and  include  the  dynamic  interaction  between  the  aircraft  sutid  the 
flexible  soil  surface. 
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5.  Crenshaw,  B.M.,  Butterworth,  C.K.,  and  Truesdale,  W.B.;  AIRCRAFT 

LANDING  GEAR  DYNAMIC  LOADS  FROM  OPERATION  ON  CLAY  AND  SANDY 
SOIL;  Flight  Dynamics  Laboratory,  Wright-Patterson  Air  Force 
Base;  AFFDL-TR-69-5I;  February  1971* 

This  report  presents  results  of  tests  to  obtain  experimental  data 
on  wheel  performance  on  soil  over  a speed  range  of  0 to  100  knots. 
The  tests  were  conducted  on  three  soil  strengths,  CBR  1.5j  2.3  and 
U.4  for  buckshot  clay  and  CBR  I.5  for  sand.  The  config\iration 
tested  was  a single  29  x 11-10  8pr  tire  loaded  by  5000  pounds  bal- 
last weight.  In  addition  to  soil  type  and  strength  variations,  the 
test  variables  were  tire  pressure  and  speed.  Loads  and  rut  depths 
were  obtained  for  both  free  rolling  and  braking  conditions.  Free 
rolling  drag  ratios  ( [j.  ) as  high  as  0.45  were  obtained  for  soils 
with  a CBR  of  1.5-  The  drag  ratio  for  free  rolling  decreased  with 
increasing  soil  strengths.  During  braking,  drag  ratios  as  high  as 
1.0  were  obtained  for  soft  soils  but  approached  more  conventional 
values  with  increasing  soil  strength.  The  rut  depth  was  a maximum 
at  zero  forward  velocity  and  decreased  with  increasing  forward 
velocity  but  reached  another  maxima  in  the  30  to  50  knot  speed  range 
and  then  decreased  for  the  higher  speeds.  Rut  depths  of  about  2.2 
inches  were  obtained  on  CBR  1.5  and  1.2  inches  for  CBR  2.3  for 
speeds  greater  than  zero.  Rut  depths  for  static  conditions  were 
considerably  greater.  Similar  responses  were  obtained  on  the  sand 
surfaces . This  program  has  established  that  there  is  a pronounced 
high  speed  interaction  between  a wheel  and  a soft  surface.  This 
interaction  is  most  pronounced  for  soft  surfaces  and  high  tire 
pressures;  it  is  reduced  if  either  the  tire  pressure  is  reduced  or 
if  the  soil  strength  is  increased.  An  analog  computer  program  of 
the  C-130  airplane  was  developed  to  incorporate  the  high  speed 
effects  found  during  the  tests  into  a soil-gear  interaction  model. 
Results  from  this  computer  pi-ogram  compared  loads  from  paved  and 
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soft  soil  runways.  Where  soil  surfaces  were  considered  in  the 
simulation,  wing  shear  loads  are  smaller  because  gear  vertical 
loads  are  attenuated  by  an  effective  reduction  in  profile  ampli- 
tudes on  the  yielding  surface.  This  testing  has  generally  verified 
empirical  prediction  methods  for  drag  ratios  for  low  speeds  but 
does  not  agree  well  for  the  higher  speeds.  Wheel  drag  loads  were 
foTind  to  vary  linearly  with  rut  depth. 

6.  Freitag,  D.R.,  Green,  A.J.,  and  Murphy,  Jr.,N.R.;  NORMAL  STRESSES 
AT  THE  TIRE-SOIL  INTERFACE  IN  YIELDING  SOILS;  U.S.  Army 
Engineer  Waterways  Experiment  Station,  Corps  of  Engineers; 
Misc.  Paper  No.  h-629;  February  1964. 

This  paper  describes  the  results  of  tests  made  to  measure  the  dis- 
tribution of  stresses  at  the  tire-soil  interface  under  some  repre- 
sentative test  conditions.  Two  soils,  a sand  and  a clay,  carefully 
placed  in  a test  pit,  were  used  in  the  program.  Each  soil  was 
tested  at  three  different  levels  of  strength.  A single  11.00x20 
12PR  military  tire  at  one  test  load  wa's  employed.  Stresses,  how- 
ever, were  measured  at  several  different  inflation  pressures.  Tests 
were  performed  with  the  wheel  powered  and  with  it  towed  at  a con- 
stant speed  of  approximately  .7  mph. 

The  results  of  the  test  performed  indicate  that  the  resultant  of 
the  normal  stress  field  at  the  tire-surface  interface  passes  through 
the  center  line  of  the  wheel  axle  for  both  towed  and  powered  wheels. 
These  results  are  restricted  to  very  slow  moving  vehicles,  however. 
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7.  Green,  A.J.;  PERFORMANCE  OF  SOILS  UNDER  TIRE  LOADS,  REPORT  5: 

DEVELOPMENT  OF  MOBILITY  NUMBERS  FOR  COARSE-GRAINED  SOILS; 

Army  Engineer  Waterways  Experimental  Station,  Corp  of 
Engineers;  Technical  Report  No.  3-666;  July  I967. 

This  report  describes  the  results  of  a study  to  examine  the  effects 
of  tire  deflection,  tire  geometry,  wheel  load,  and  soil  strength  on 
the  performance  of  coarse-grained  soils  subject  to  moving  tire  loads. 

Empirical  criteria  were  d.eveloped  based  on  analysis  of  test  results  ' 

that  combine  the  independent  parameters  of  the  soil-vehicle  system 
and  relate  them  to  dependent  performance  characteristics  such  as 
sinkage,  towed  force,  etc.  A combination  of  independent  parameters 
called  mobility  numbers  were  developed  which  account  for  the  com- 
bined effects  of  soil  strength,  tire  section  width  and  diameter, 

wheel  load,  and  tire  deflection  on  wheel  performauice  as  measured  by  i 

performance  coefficients.  The  mobility  nruribers  developed  in  this 

study  are  applicable  to  single  wheels  operating  on  sand  at  speeds  , 

common  to  surface  vehicles.  | 

A multiple-pass  analysis  was  conducted  to  illustrate  that  per- 
formance on  the  second  and  third  passes  also  can  be  related  to  the 
sand  mobility  number,  although  the  relation  was  not  the  same  as  that 


for  the  first  pass.  It  is  shown  in  a similar  fashion  that  the  per- 
formance of  vehicles  on  coarse-grained  sand  can  be  predicted  using 

A hfifioH  nn  •hhe  AAnH  nnmV\AT . 


Kraft,  D.C.*,  ANALYTICAL  LANDING  GEAR-SOIL  INTERACT  ION -PHASE  I; 

Flight  Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base; 
AFFDL-TR-68-88;  August  I968. 

This  report  describes  the  results  of  a study  to  determine  the  var- 
iables which  significantly  influence  aircraft  performance  when 
operating  on  soil  runways. 

Analysis  of  available  experimental  drag-sinkage-velocity  data  led 
to  the  defining  of  at  least  three  distinct  regions  for  which  the 
sinkage  ratio-velocity  relationship  shows  a distinct  response. 

These  velocity  regions  are  0-5  knots,  5-50  knots,  and  velocities 
greater  than  50  knots.  A dra^  ratio-sinkage  ratio  lease  square  fit 
was  developed  for  use  in  the  second  of  these  velocity  regions. 

The  effects  of  twin  wheel  arrsuigements  were  analyzed  on  a prelimi- 
nary basis.  The  results  of  a sinkage  study  using  available  (1968) 
prediction  methods  indicates  that  present  sinkage  analysis  accuracy 
is  in  the  range  of  + 50^  to  + 100^. 

In  order  to  develop  a suitable  flotation  criteria,  an  investigation 
was  conducted  into  a dynamic  landing  gear  contacting  element-soil 
interaction  response  model,  utilizing  elastic  theory.  These  results 
led  to  the  development  of  a flotation  parameter  (related  to  sinkage) 
and  a flotation  index  (related  to  drag)  in  nomographic  form,  which 
permits  comparative  flotation  analysis  of  landing  gear  systems. 

Kraft,  D.C.,  Hoppenjans,  J.R.,  and  Edelen,  Jr.,  W.F.;  DESIGN  PRO- 
CEDURE FOR  ESTIMATING  AIRCRAFT  CAPABILITY  TO  OPERATE  ON  SOIL 
SURFACES;  Flight  Dynamics  Laboratory,  Wright-Patterson  Air 
Force  Base;  AFFDL-TR-72-129;  December  1972. 

This  report  describes  a systematic  design  procedure  for  establish- 
ing various  landing  gear  combinations  of  tire  size,  spacing,  and 
configuration  which  will  minimize  rolling  drag  and  satisfy  the 
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criteria  of  200  non -braking  passes  for  aircraft  having  take-off/ 
landing  weights  of  150,000  to  250,000  lbs.  and  low  horizontal  speeds 
(close  to  or  less  than  40  knots),  operating  on  a standardized 
CBR  6 (or  equivalent)  soil  surface.  The  design  procedure  presented 
combines  the  latest  results  (1972)  of  Air  Force  sponsored  landing 
gear/soil  interaction  research  with  previously  developed  Army  Corps 
of  Engineers  Waterways  Experiment  Station  (WES)  coverage  technique. 

The  procedure  is  a first  attempt  to  make  the  research  results  of 
existing  Air  Force  Flight  Dynamics  Laboratory  programs  available 
toward  the  improvement  of  flotation  design  capability.  The  design 
procedure,  subject  to  certain  stated  limitations,  includes  tech- 
niques for  (l)  predicting  rolling  and  braking  drags  and  drag  ratios, 

(2)  incorporating  multiwheel  influences  on  drag  and  sinkage,  and 

(3)  determining  allowable  aircrfift  passes.  Additionally,  the  design 
procedure  has  been  incorporated  in  a computer  program  format  for 
utilization  on  the  CDC  6600  located  at  Wright-Patterson  Air  Force 
Base.  The  computer  program  is  restricted  to  aircraft  with  tricycle 
type  landing  gear  systems . 


10.  Kraft,  D.C.,  Luming,  H.,  Hoppenjans,  J.R.;  AIRCRAFT  LAITOING  GEAR- 
SOILS  INTERACTION  AND  FLOTATION  CRITERIA,  PHASE  II:  Flight 


Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base; 
AFFDL-TR-69-76;  November  1969. 

This  report  describes  the  results  of  an  investigation  directed  at 
defining  landing  gear-soil  interaction  and  developing  flotation 
criteria  to  permit  comparative  evaluation  of  the  relative  merits  of 
various  landing  gear  configurations. 

A basic  aircraft  tire-soil  interaction  equation  relating  the  dreig 
ratio  (R/p)  to  sinkage  ratio  (z/d)  was  developed  for  the  velocity 
range  5 knots  to  40  knots . The  influence  of  high  velocity  euid  mul- 
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tiple  wheel  config\a'ations  on  flotation  performance  was  determined 
on  a preliminary  basis.  Empirical  sinkage  prediction  equations 
were  developed  for  predicting  the  sinkage  of  aircraft  type  tires 
on  cohesive  and  cohesionless  soils  with  an  estimated  accuracy  of 
_+  within  the  90^  confidence  limits.  The  results  of  the  Single 
Wheel  Verification  Tests  are  reported  and  used  to  verify  the  de- 
veloped flotation  analysis  equations. 

An  analytical  approach  to  sinkage  prediction  using  finite  element 
techniques  was  developed  to  give  a more  rational  approach  to  sinkage 
analysis.  The  soil  was  assumed  to  be  an  elastic-perfectly  plastic 
medium.  The  results  of  this  analytical  approach  as  given  by  the 
computer  program  developed  during  this  study  smd  the  results  of  a 
+est  case  evaluation  are  described  in  detail. 

A preliminary  Single  Wheel  Relative  Merit  Index  (RMI)  was  developed 
for  permitting  a comparative  evaluation  of  the  flotation  character- 
istics of  aircraft  tires  on  soil.  The  RMI  was  used  to  rate  the 
flotation  capacity  of  aircraft  tires  currently  used  on  cargo,  bomber, 
and  fighter  aircraft. 

11.  Kraft,  D.C.,  Luming,  H.,  and  Hoppenjans,  J.R. ; MULTIWHEEL  LANDING 
GEAR-SOILS  INTERACTION  AND  FLOTATION  CRITERIA-PHASE  III; 

Flight  Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base; 
AFFDL-TR-71-12;  May  1971. 

This  report  describes  the  results  of  the  third  phase  of  a study  to 
analytically  define  landing  gear-soil  interaction  auid  to  develop  a 
system  for  rating  the  relative  flotation  capacity  of  landing  gear 
contact  elements  euid  landing  gear  systems  during  aircraft  operation 
on  semi  and  unprepared  soil  runways.  During  this  phase,  existing 
data  relating  drag  ratio  to  multiwheel  geometry  parameters  were 
collected  and  summarized.  Also,  twin  plate  vertical  load  tests  were 


B-dT 


I 


performed  to  determine  the  slnlcage  interaction  effects  produced  by 
adjacent  dynamic  plate  loads  as  compared  to  a single  isolated  plate 
load  under  similar  test  conditions. 

A computer  program  has  been  developed  to  study  the  effects  of  multi- 
wheel landing  geeurs  on  the  slnkage  of  tires  into  soil.  The  trends 
shown  in  these  results  were  consistent  with  those  observed  in  the 
twin  plate  vertical  lo€ui  test. 

Based  on  the  results  of  this  study,  multiwheel  criteria  were  de- 
veloped which  permit  the  evaluation  of  aircraft  flotation  perform- 
ance. The  criteria  also  permits  aircraft  designers  to  determine 
optimum  landing  gear  configuration  for  aircraft  leading  to  drag 
minimization.  Available  and  proposed  flotation/operation  criteria 
are  outlined. 

12.  Ladd,  D.W. ; GROUND  FLOTATION  REQUIREMENTS  FOR  AIRCRAFT  LANDING  GEAR; 

Army  Engineer  Waterways  Experiment  Station,  Corps  of  Engineers; 

Miscellaneous  Paper  No.  4-459;  July  I965. 

i 

This  paper  presents  a set  of  design  curves  which  can  be  used  to 
assist  the  aircraft  designer  in  designing  a landing  gear  that  will 
support  a given  aircraft  loeul  without  overlocullng  euri  airfield  of 
stated  strength.  Seven  classes  of  Zone-of -Interior  and  Theater-of- 
Operation  airfields  are  defined  to  which  the  design  curves  presented 
specifically  apply.  The  landing  gecur  design  i>arameters  Included 
are  muriber  of  vrtieels,  spacing  of  wheels,  tire  contact  area,  gear 

i 

type,  and  load  range.  j 

j 

13.  Ladd,  D.,  Ulery,  Jr.,  H.,  et  al;  AIRCP/JT  GROUND-FLOTATION  INVESTI- 

GATION, Parts  I-XIX;  Flight  Dynamics  Laboratory,  Wright- 
Patterson  Air  Force  Base;  AFFDL-TDR-66-43,  Parts  I-XIX; 

August  1967.  i 

I 

This  report  summarizes  results  of  an  extensive  study  to  develop  a 
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method  for  designing  an  efficient  landing  gear  configiaration  for 
aircraft  required  to  operate  on  Theater-Of -Operation  class  airfields. 
The  method  was  developed  from  a series  of  ground-flotation  tests 
conducted  on  mat-surfaced  subgrades  and  unsurfaced  subgrades.  Also 
presented  is  a discussion  of  the  testing  procedures  €uad  techniques 
and  of  the  analysis  of  all  tests  conducted  in  conjunction  with  the 
groxind  flotation  investigation,  including  tracking,  drag,  and  speed 
tests. 

To  develop  criteria  for  the  efficient  design  of  aircraft  landing 
gears,  a series  of  traffic  tests  were  conducted  with  numerous  wheel 
configurations,  loads,  and  tire  pressures.  The  configurations 
varied  from  a single  wheel  up  to  12  wheels;  loewiing  weights  varied 
from  1000  to  273000  pounds;  tire  pressure  ranged  from  10  to  250  psi; 
and  wheel  spacing  varied  from  2.0  radii  up  to  6.8  radii.  From  data 
developed  from  these  tests,  a generalized  single  wheel  criteria  was 
developed.  Speed  versus  drag  relations  were  obtained  from  scale 
model  tests  in  which  various  speeds,  loads,  tire  pressures  and  tire 
sizes  were  investigated. 

l4.  Leland,  T.J.W.  and  Smith,  E.G.;  AIRCRAFT  TIRE  BEHAVIOR  DURING  HIGH- 
SPEED OPERATIONS  IN  SOIL:  NASA  TN  D-6813;  August  1972. 

An  investigation  to  determine  aircraft  tire  behavior  and  operating 
problems  in  soil  of  different  characteristics  was  conducted  at  the 
Langley  landing-loads  track  using  a 29  x 11.0-10  8PB  Type  III  tire. 
Four  clay  test  beds  of  different  moisture  content  and  one  sand  test 
bed  were  used  to  explore  the  effects  on  axle  drag  loads  developed 
during  operation  at  different  tire  inflation  pressures  in  free 
rolling,  locked-wheel  braking,  and  yawed  (cornering)  modes,  all  at 
forward  speeds  up  to  95  knots. 

The  test  results  indicate  that,  in  general,  code  drag  loads  are 
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highly  dependent  on  forward  velocity,  with  loads  initially  decreas- 
ing from  static  or  low  speed  and  then  rising  sharply  with  increasing 
forward  speed  to  a peedc  in  the  velocity  range  of  40  knots  for  the 
configurations  tested.  Further  increases  in  speed  bring  about  a 
reduction  in  drag  load  by  a phenomena  not  presently  understood.  In 
addition,  for  a given  soil  strength,  the  magnitude  of  the  axle  drag 
load  is  strongly  a function  of  tire  inflation  pressure  with  higher 
inflation  pressures  resulting  in  higher  axle  drag  coefficients. 

15.  Richmond,  L.D.;  Brueske,  N.W.;  DeBord,  K.J.;  et  al;  AIRCRAFT  DYNAMIC 
LOADS  FROM  SUBSTANDARD  LANDING  SITES:  Flight  Dynamics  Labora- 
tory, Wright-Patterson  Air  Force  Base;  AFDL-TR-6T-145 , Parts 
I-V,  September  I968. 

This  report  describes  the  results  of  a detailed  study  of  gro\md- 
induced  dynamic  loads  resulting  from  operations  on  substandard  air- 
fields . The  study  was  divided  into  5 phases.  A mathematical  model 
to  study  tire-soil  interaction  effects  was  developed  in  Phase  I. 

Phase  II  was  a site  selection  and  field  measurement  program  to 
obtain  field  roughness  profiles  and  soil  strength  information  from 
fields  typical  of  those  expected  to  be  fo\md  in  remote  theaters  of 
operations.  The  information  from  Phases  I and  II  was  used  in 
Phase  III  to  conduct  comprehensive  airplane  ground-load  dynamic 
analyses  and  to  formulate  airplane  design  loads  and  criteria.  The 
development  of  the  tire-soil  model  was  based  on  the  results  of  a 
literature  survey  and  experimental  data  collected  from  the  367-8O 
airplane  (707/KC-133  prototype)  d\iring  high-flotation  taxi  tests 
conducted  by  The  Boeing  Compsmy  at  Harper  Lake,  California,  in 
September  1964.  The  development  resulted  in  empirical  expressions 
that  related  soil  sinkage  and  rolling  resistance  to  soil  strength, 
tire  vertical  force,  tire  characteristics,  and  taxi  velocity.  The 
original  development  of  the  empirical  non-dimensional  expressions 
was  accomplished  by  the  U.S.  Army  Corps  Engineer  Waterways  Experiment 
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station  (WES).  The  results  of  the  literature  survey  and  the  tire- 
soil  model  development  obtained  during  the  phase  I study  are  pre- 
sented in  Part  II.  A total  of  9 substandard  sites  were  selected  for 
field  measurements  from  approximately  27  sites  visited.  These  sites, 
located  throughout  the  United  States  were  selected  on  the  basis  of 
their  availability  to  the  field  survey  team  and  their  suitability 
as  a forward-area  airfield.  The  profiles  on  these  sites  represented 
various  degrees  of  preparation,  from  semi-prepared  to  unprepared, 
and  included  a variety  of  soil  types.  Soil  strength  measurements 
and  soil  samples  were  collected  at  each  site  and  the  profile  rough- 
ness was  measured.  These  measurements  are  presented  in  Parts  III 
and  IV.  Phase  III  was  an  analytical  study  to  determine  the  dynamic 
loads  and  degradation  in  takeoff  performance  of  airplanes  operating 
from  substandard  airfields.  Digital  and  analog  computer  models 
simulating  the  367-8O  airplane  in  a high  flotation  configuration  were 
used  CO  conduct  the  landing  impact,  taxi,  and  landing-and-takeoff- 
distance  analysis.  The  effects  of  soil  strength  and  profile  rough- 
ness were  included.  Parametric  variations  of  tire  pressure,  gross 
weight,  and  taxi  velocity  were  also  examined.  Prior  to  the  dynamic 
analysis,  a statistical  analysis  of  the  profile  data  was  performed. 
From  these  data,  artificial  profiles  and  sets  of  discrete  one-minus- 
cosine  bumps  representative  of  one  of  the  measured  profiles  were 
generated.  The  dynamic  loftds  resulting  from  excitation  due  to  the 
artificial  profile  and  the  discrete  bumps  were  con^iared  to  the  loads 
from  the  actual  profile.  The  landing  impact  analysis  was  performed 
using  a model  similar  to  the  taxi-analysis  model  except  that  soil 
flexibility  was  not  included.  A smooth,  rigid  surface  was  used  in 
determining  the  maximum  gear  and  airplane  loads  developed  during 
landing  impact.  The  takeoff-and-landing -distance  performance  analysis 
was  performed  using  a structurally  rigid  model  operating  on  a smooth, 
soft  soil  surface.  The  effects  of  changes  in  the  soil  strength. 
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tire  inflation  pressvire,  and  gross  weight  on  takeoff  disteuices 
were  exainined.  The  variation  in  landing  disteuice  with  braking 
' coefficient  was  investigated. 

From  the  results  of  this  study,  it  was  concluded  that  the  simpli- 
fied soil  representation  was  satisfactory  for  the  taxi  analysis 
because  of  the  relatively  small  influence  that  the  soil  strength  has 
on  dynamic  loads.  The  effects  of  surface  roughness  were  most  pro- 
i noiuiced  on  the  dynamic  loads.  For  analysis  purposes,  the  discrete 

r excitation  will  give  peak  loads  that  are  conservative,  while  the 

I artificial  runways  will  give  results  that  are  unconservative.  The 

i results  indicate  that  this  class  of  airplane  could  successfully 

' operate  from  semi -prepared  sites  with  only  minor  modifications  to 

current  criteria  and  operating  procedures.  It  does  not  seem 
feasible  to  operate  this  class  of  airplane  from  the  unprepared 
sites  examined  in  this  study. 

! l6.  Sharp,  A.L.;  COMPUTER  PROGRAMS  FOR  THE  PREDICTION  OF  AIRCRAFT 

* 

TAKEOFF  PERFORMANCE  ON  CLAY  AND  SAND  AIRFIELDS;  Flight 
I Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base; 

i AFFDL-TR-68-115 ; April  I969. 


This  report  describes  a prediction  method  for  estimating  wheel 
sinkage,  landing  gear  drag,  and  aircraft  take-off  performance  on 
clay  and  sand  airfields  of  various  bearing  strengths.  The  method 
is  based  on  a method  developed  by  Boeing  (AFFDL-TR-67-IU5 ) which 
uses  modified  Mobility  Niombers  developed  by  the  Army  Waterways 
Experiment  Station  (WES).  Estimates  of  take-off  distance,  wheel 
drag  to  vertical  force  ratios  for  the  full  ground  velocity  range, 
and  the  wheel  sinkage  into  the  soils  are  prepared  for  the  C-5  and 
C-l4l  aircraft. 

Tliree  FORTRAN  IV  computer  programs  were  developed  based  on  the 
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methods  generated  by  Boeing  and  WES.  The  first  of  these  is  used  to 
calculate  drag  and  sinkage  for  idle els  attached  to  one  strut  while 
teociing  at  constsuit  speed.  The  second  considers  the  complete  air- 
craft taxiing  at  constant  velocity  and  the  third  calculates  takeoff 
performance  of  a complete  aircraft  on  hard  surface  (paved  runways) 
and  on  clay  and  sandy  soils.  The  computer  programs  were  tested  for 
acc\iracy  by  einalyzing  conditions  which  were  identical  to  those 
used  by  Boeing  and  con^jaring  the  results  with  Boeing's  full  scale 
airplane  tests . 

) 

I 

17.  Truesdale,  W.B.  and  Nelson,  R.D.;  AIRCRATT  LANDING  GEAR  DYNAMIC 

LOADS  INDUCED  BY  SOIL  LANDING  FIELDS,  VOL.  II;  SOIL  TESTS 
AND  SOIL  RESPONSE  STUDIES;  Flight  Dynamics  Laboratory, 

Wright-Patterson  Air  Force  Base;  AFFDL-TR-7O-169,  Vol.  II; 

June  1972. 

i 

This  report  contains  a description  of  the  construction  and  main- 
tenance of  the  -buckshot  clay  test  bed  used  for  tandem  and  single 
wheel  high  speed  lauiding  gear  tests  conducted  at  the  NASA  Langley 
Landing  Loads  Track.  The  test  bed  was  constructed  to  a CBR  strength 
of  2.7j  moisture  content  of  32.5  percent,  dry  density  of  86.0  pcf, 
degree  of  saturation  of  91*7  percent,  and  airfield  penetration 
resistance  of  I.7  to  1.8.  Analysis  of  dynamic  soil  behavior  in- 
dicated that  wave  propagation  velocities  in  the  soil  and  soil 
inertia  effects  become  significant  at  forward  velocities  greater 
than  60  knots.  Strain-rate  effects  are  significant  at  all 
velocities  for  buckshot  clay  and  cause  50  to  60  percent  increases 
of  shear  strength  at  a forward  velocity  of  50  knots.  Strain-rate 
effects  on  sand  are  insignificant  except  when  pore  pressures  are 
developed.  The  wheel  will  "outrun"  the  bow  wave  or  shear  -wave 
propagating  ahead  of  the  wheel  at  forward  velocities  greater  than 
the  150  to  250  knot  velocity  of  the  soil  shear  wave.  A series  of 
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dynamic  plate  bearing  tests  conducted  with  a controlled  rate  of 
loading  have  shown  that  the  response  of  a rolling  wheel  can  be 
duplicated  in  a dynamic  plate  test.  These  tests  showed  a decrease 
in  soil  stiffness  in  the  same  velocity  range  in  which  increased 
drag  and  sinkage  were  observed  to  occur  in  the  field  tests.  The 
increase  in  sinkage  and  drag  loewis  that  occurred  when  brakes  were 
applied  can  be  accounted  for  by  the  passive  earth  pressure  theories 
and  the  chEinge  in  stress  distribution  on  the  soil-wheel  interface. 

18.  Turnage,  G.W.,  and  Green,  Jr.,  A.J.;  PERFORMANCE  OF  SOILS  UNDER 

TIRE  LOADS.  ANALYSIS  OF  TESTS  IN  SAND  FROM  SEPTEMBER  1962 
THROUGH  NOVEMBER  1963”,  U.S.  Army  Engineer  Waterways  Experi- 
ment Station,  Corps  of  Engineers;  Technical  Report  No.  3-666, 
Report  4;  February  1966. 

This  report  examines  the  effects  of  tire  deflection,  tread,  carcass 
stiffness,  construction,  speed,  and  slip  on  tire  performance  in  a 
dry  sand.  Tests  were  performed  using  both  Yiuna  (desert)  and  mortar 
sand.  Test  speeds  varied  from  approximately  .3  niph  to  12  n5)h. 

The  test  results  indicate  that  for  best  performance  in  a dry  siuid, 
a tire  should  be  highly  deflected,  smooth,  and  of  diagonal-ply  con- 
struction. Variations  in  carcass  stiffness  have  negligible  effects 
on  tire  performance  when  comparisons  are  made  at  equal  loads  eind 
deflections.  Performance  of  pneumatic  tires  in  sand  is  affected  by 
speed;  however,  the  extent  of  this  influence  was  not  vrtiolly  deter- 
mined. 
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19.  Van  Deusen,  B.D.;  A STATISTICAL  TECHNIQUE  FOR  THE  DYNAMIC  ANALYSIS 

OF  VEHICLES  TRAVERSING  ROUGH  YIELDING  AND  NON-YIELDING 
SURFACES:  NASA  CR-659;  March  I967. 

This  report  describes  a statistical  analysis  technique  for  the 
classification  of  virgin  terrestrial  and  extraterrestrial  surfaces. 

A method  is  devised  whereby  a single  parameter  is  used  to  completely 
specify  the  surface  roughness  in  a statistical  sense. 

A dynamic  nonlineeu-  yielding  surface  model  was  developed  from  exist- 
ing information  of  soil  mechanics.  The  model  includes  hysteresis 
due  to  initial  soil  coii5)action  and  effects  of  vehicle  speed  and 
loading  area. 

An  analogue  computer  program,  capable  of  predicting  the  dynamic 
resjjonse  of  typical  lunar  vehicles  traversing  yielding  and  non- 
yielding surfaces,  was  developed.  A technique  is  included  which 
allows  a random  surface  profile  to  be  introduced  between  the  vehicle 
model  and  the  yielding  surface  model  and  allows  vehicle-surface 
separation. 

20.  Eiband,  A.M. , Simpkinson,  S.H.,  Black,  D.O.;  ACCELERATIONS  AND 

PASSENGER  HARNESS  LOADS  MEASURED  IN  FULL-SCALE,  LIGHT- 
AIRPLANE  CRASHES:  NACA  TN  2991;  August  I953. 

Full-scale,  light -airplane  crashes  simulating  stall-spin  accidents 
were  conducted  to  determine  the  decelerations  to  which  occupants 
are  exposed  and  the  resulting  harness  forces  encountered  in  this 
type  of  accident.  Crashes  at  impact  speeds  from  k2  to  60  miles 
per  hour  were  studied.  The  airplanes  used  were  of  the  familiar 
steel-tube,  fabric-covered,  tandem,  two-seat  type. 

In  crashes  up  to  an  impact  speed  of  60  miles  per  hour,  cruit^ling 
of  the  forward  fuselage  structure  prevented  the  maximum  decelera- 
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tion  at  the  rear-seat  location  from  exceeding  26  to  33g*  This  I 

maximum  g value  appeared  independent  of  the  impact  speed.  Re- 
straining forces  in  the  seat-belt/shoulder-hamess  combination 
reached  58OO  pounds.  The  rear-seat  occupant  can  survive  crashes 
of  the  type  studied  at  impact  speeds  up  to  60  miles  per  hour,  if 
body  movement  is  restrained  by  an  adequate  seat-belt/shoulder- 
harness  combination  so  as  to  prevent  injurious  contact  with  ob- 
stacles normally  present  in  the  cabin.  Inwardly  collapsing  cabin 
structure,  however,  is  a potential  hazard  in  the  higher-speed 
crashes . 

21.  Wignot,  J.E.,  et  al;  AIRCRAFT  DYNAMIC  WHEEL  LOAD  EFFECTS  ON  AIRPORT 
PAVEMENTS ; Lockheed-California  Company;  Federal  Aviation 
Administration;  FAA-RD-70-19,  May  1970. 

This  report  describes  the  results  of  a program  which  included 
scaled  pavement  tests,  analysis  to  determine  airplane  imposed 
loads  on  pavement  and  pavement  response,  correlation  between  em- 
pirical data  and  analyses  suid  a literature  review.  Based  on  the 
results  of  the  program,  it  was  concluded  that  airplane  dynamic 
wheel  loads  have  significant  effects  on  portions  of  airport 

pavement . j 

The  results  of  the  investigation  indicate  that  the  two  distinguish-  j 

able  effects  that  influence  the  stress  the  pavement  experiences  are 

(1)  airplane  induced  loads  and  (2)  moving  load  phenomenon.  For  a | 

given  level  of  runway  unevenness,  the  loads  that  will  be  imposed  j 

on  the  pavement  can  be  accurately  defined  for  various  ground  opera-  1 

tions  performed.  However,  the  pavement  response  to  a moving  load  | 

can  vary  substantially  depending  upon  the  kinds  of  materials  and 

types  of  construction  used.  To  obtain  proper  assessment  of  moving 

load  effects,  full  scale  pavement  tests  are  considered  necessary 
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to  provide  needed  data. 

Two  teat  plans  are  presented.  One  approach  involves  "Operational 
Statistical  Tests"  amd  depends  upon  a heavy  statistical  sample  of 
data.  The  alternate  approach  involves  "Moving  Load  Track  Tests" 
and  provides  data  for  point -by-point  correlation  using  anal:ytical 
data  under  carefully  controlled  conditions  and  configurations. 

22.  Preston,  G.M.  and  Pesman,  G.J.;  ACCELERATIONS  IN  TRANS PORT -AIRPLANE 

CRASHES:  NACA  TN  4158;  February  1958. 

Full-scale  trsuisport  airplanes  were  crashed  experimentally  to  de- 
termine the  crash  loads  that  result  from  a variety  of  crash  events. 
It  was  concluded  that  pressurized  transport  airplanes  can  withstand 
high-impact-€uigle  crashes  and  still  maintain  survivable  areas  within 
the  fuselage.  During  xxnflared-landing  crashes,  greater  fuselage 
crushing  occurred  with  high-wing  than  with  low-wing  airplanes . 
Airpleuies  with  strong  fuselage  structures  that  do  not  deform  and 
produce  sharp,  well-supported  plowing  edges  will  have  relatively 
low  longitudinal  acceleration  during  crashes  similar  to  those 
studied.  Normal  accelerations  exceeding  human  tolersuice  can  occvir 
in  crashes  in  which  modest  fuselage  damage  occurs.  Within  the 
structxural  range  represented  by  the  airplanes  crashed,  the  config- 
uration of  the  airplane  had  little  effect  on  the  normal  accelera- 
tion. 

23.  Reed,  W.H.,  Robertson,  S.H.,  Weinberg,  L.W.T.,  Tyndall,  L.H.;  FULL- 

SCALE  DYNAMIC  CRASH  TEST  OF  A LOCKHEED  CONSTELLATION  MODEL 
1649  AIRCRAFT;  Aviation  Safety  Engineering  and  Research, 
Federal  Aviation  Agency;  FAA-ADS-38;  October  1965- 

This  report  provides  the  details  of  a full-scale  crash  test  of  a 
large  transport  aircraft.  The  purpose  of  the  test  was  to  obtain 


crash  environment  data  of  the  test  aircraft  and  the  various  experi- 
ments installed  aboard  the  aircraft. 

The  Federal  Aviation  Agency  sponsored  the  test  program  with  the 
participation  of  several  other  organizations  who  provided  data 
recording  equipment  and  special  experiments  onboard  the  test  air- 
craft. The  participating  organizations  included  the  U.S.  Navy, 
the  U.S.  Army,  the  U.S.  Air  Force,  the  Society  of  Automotive  Engi- 
neers and  the  Flight  Safety  Foundation  which  conducted  the  test 
under  contract  to  and  with  the  guidance  of  the  FAA.  The  special 
experiments  consisted  of  military  crew  and  commercial  passenger 
seats,  cargo  restraint  systems,  postcrash  locator  beacons,  baby  and 
child  restraint  systems,  radioactive  material  containers,  a military 
litter  system,  and  provisions  for  emergency  lighting. 

The  test  involved  a Lockheed  Constellation  Model  l649A  aircraft, 
which  was  guided  into  a series  of  crash  barriers  with  a monorail 
nose  gear  guidance  system.  The  aircraft  was  accelerated  under  its 
own  power  by  remote  control  for  a distance  of  4,000  feet,  reaching 
a velocity  of  112  knots . Initial  impact  occurred  against  barriers 
which  removed  the  landing  gear,  permitting  the  airplane  to  become 
airborne  until  the  moment  of  impact  with  the  wing  and  fuselage 
crash  barriers. 

The  wing  fuel  tanks  were  ripped  open  by  the  wing  barriers,  allowing 
simulated  fuel  to  spill  out  in  a heavy  mist  during  the  crash  se- 
quence. The  fuselage  was  broken  in  two  places  during  the  crash, 
just  aft  of  the  cockpit  between  fuselage  stations  370  and  380  and 
just  aft  of  the  galley  between  fuselage  stations  1020  and  1030. 

Peak  longitudinal  accelerations  on  the  order  of  25G's  were  measured 
at  the  cockpit  floor  when  the  aircraft  impacted  the  20  degree  slope. 
Most  of  the  onboard  experiments  remained  in  their  relative  locations 
throughout  the  test. 
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Reed,  W.H.,  et  al;  FULL  SCALE  DYNAMIC  CRASH  TEST  OF  A DOUGLAS  DC-7 
AIRCRAFT,  Aviation  Safety  Engineering  and  Research;  FAA 
Technical  Report  ADS-37,  Federal  Aviation  Administration, 
Washington,  D.C.,  April  1965>  AD  624051- 

This  report  describes  a test  program  designed  to  obtain  crash  en- 
vironment data  regarding  fuel  containment  and  to  collect  data  on 
the  behavior  of  various  components  and  equipment  aboard  the  air- 
craft, using  a DC-7  as  the  test  vehicle. 

The  test  involved  a DC -7  aircraft  which  was  guided  into  a series  of 
crash  barriers  with  a monorail  nose  gear  guidance  system.  The  air- 
craft was  accelerated  under  its  own  power  by  remote  control  for  a 
distance  of  4000  feet,  reaching  a velocity  of  110  knots.  At  the 
end  of  this  acceleration  run,  the  aircraft  impacted  against  a 
specially  designed  barrier  which  removed  the  landing  gear,  per 
mitting  the  aircraft  to  become  airborne  until  the  moment  of  impact 
with  wing  and  fuselage  crash  barriers. 

The  wing  and  fuselage  barriers  were  designed  to  provide  the  follow- 
ing crash  sequence:  The  left  wing  was  to  impact  against  an  earthen 
mound  shaped  to  produce  a simulated  wing-low  accident.  Simultaneously, 
the  right  wing  was  to  impact  telephone  poles  implanted  vertically 
to  simulate  trees.  Next,  the  main  fuselage  was  to  impact  against 
an  8-degree  slope.  The  slope  was  designed  so  that  the  aircraft 
could  become  airborne  after  sliding  a short  distance  along  the  ground. 
Finally,  the  aircraft  was  to  impact  against  a 20-degree  slope  to 
simulate  a crash  with  a steeper  angle  of  impact. 

The  test  occurred  as  planned  except  that  the  aircraft,  instead  of 
coming  to  rest  on  the  20-degree  slope,  bounced  over  the  hill  on 
which  the  slope  was  formed  and  landed  at  the  base  of  the  backside 
of  the  hill.  A failure  of  the  voltage  control  regulator,  in  the 
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data  recording  system,  prevented  the  program  from  reaching  all  its 
objectives . 

25.  Sela,  A.D.,  and  Ehrlich,  I.R.;  LOAD  SUPPORT  CAPACITY  OF  FLAT  PLATES 

OF  VARIOUS  SHAPES  IN  SOIL;  Automotive  Engineering  Congress, 
Society  of  Automotive  Engineers;  Paper  No.  710178;  January 

1971. 

This  paper  reports  the  results  of  a study  to  develop  a general  theory 
of  plate  sinkage  which  is  applicable  to  a wide  variety  of  soils, 
sinkages,  plate  sizes,  and  plate  shapes. 

The  plate  sinkage  model  developed  in  this  study  was  verified,  using 
available  soil  test  results.  The  soils  considered  in  these  tests 
were  air  dry  mason  sand,  buckshot  clay,  very  fine  grained  Yuma 
sand,  Michigan  loam,  and  Ohio  sand.  No  CBR  numbers  were  given  for 
these  soils.  The  analytical  model  was  found  to  correlate  with  all 
the  experimental  results  included  in  the  paper.  The  model  has  two 
regions  of  application — a "transition"  region  which  is  between  0 
and  1 inch  of  sinkage  and  the  region  greater  than  1"  sinkage. 

26.  Whitman,  R.V.,  and  Healy,  K.A. ; SHEAR  STRENGTH  OF  SANDS  DURING 

RAPID  LOADINGS,  Journal  of  the  Soil  Mechanics  and  Founda- 
tions Division,  Procedings  of  the  American  Society  of  Civil 
Engineers;  April  1962. 

Triaxial  tests  with  times -to-failure  from  5 min.  to  5 milliseconds 
have  been  used  to  investigate  the  effect  of  strain-rate  on  the 
strength  of  dry  and  saturated  sands.  New  techniques  were  developed 
for  applying  strains  rapidly,  and  for  measuring  the  resultant 
stresses  and  pore  pressures.  It  was  necessary  to  give  careful 
attention  to  the  possible  influence  of  testing  errors,  of  inertia 
forces,  and  of  the  membrane  effect. 
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The  peak  friction  angles  of  the  sands  that  were  tested  were  sub- 
stantially independent  of  failure -time.  However,  the  excess  pore 
pressures  generated  within  saturated  loose  sands,  did,  for  certain 
conditions,  vary  with  failure-time.  For  these  conditions  the  com- 
pressive strengths  were  correspondingly  time-dependent.  A tenta- 
tive hypothesis  has  been  advanced  to  explain  this  behavior.  One 
loose  saturated  sand  exhibited  a pronounced  yield  point  at  low 
strains,  and  the  yield  point  stress  decreased  as  the  rapidity  of 
load  application  increased. 


B-51 


APPEHDIX  C 


MEASURED  RESPONSE  TIME  HISTORIES 
TESTS  1 THROUGH  U 

A detailed  discussion  describing  the  Instrumentation  used  In  tests  1 
through  U can  be  found  in  Section  2,6.  As  a convenience  to  the  reader. 

Tables  2-6  through  2-9  and  Table  2-11  are  reprinted  in  this  appendix  as 
Tables  C-2  through  C-6.  These  tables  identify  the  accelerometers,  load  cells 
and  transducers  as  to  location,  type  sensitivity  and  polarity. 

Figures  Cl  throtigh  C-U8  depict  the  100  Hz  low-pass  filtered  response  level 
time  histories  measured  during  the  four  tests.  The  histories  measured  during 
test  1 are  shown  in  Figures  C-1  through  C-12,  test  2 histories  in  Figiires  C-13 
through  C-2U,  test  3 histories  in  Figures  C-25  through  C-36,  and  test  k histo- 
ries in  Figures  C-37  through  C-1+8.  A description  of  the  filtering  techniq.ue 
used  in  generating  these  time  histories  in  presented  in  Section  2.8. 

The  ordinate  of  each  plot  history  is  identified  as  to  transducer  number 
and  scale  factor.  The  abscissa  of  all  plots  is  time  measTired  in  seconds.  The 
origin  of  the  time  scale  (t  = 0.0)  for  the  plots  associated  with  each  test  is 
somewhat  arbitrary  in  that  the  time  trace  begins  sometime  during  the  free 
swing  descent  of  the  test  airplane.  The  time  at  which  impact  occxirred  is 
identified  on  each  plot  and  also  sxjmmarized  below  in  Table  C-1. 


TABLE  C-1.  IMPACT  TIME  SUMMARY 
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TABLE  C-3.  ACCELEROMETER  LOCATIONS  AND  RESPONSE  SETTING  FOR  TEST  2 
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TABLE  C-6.  LOAD  CELL  AND  DISPLACEMENT  MEASUREMENT  INSTALLATIONS  FOR  TESTS  1,  2,  3,  AND  U 


(c)  Not  Installed 


Crash  Test  1,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  HCA8,  VPAl,  VPA3,  HPAU,  VSA9 
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Crash  Test  1,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VCA5,  VCA7,  HPA2,  HJA6,  HSAIO 
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Figure  C-5.  Crash  Test  1,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VCC9,  VCCIO,  VCCll,  VCC12,  VCC13 
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Crash  Test  1,  100  Hz  Filtered  Data,  Accelerometer 
Nmbers  VEBl,  HEB2,  VTB3,  HTBU,  VCB5 


Figure  C-8.  Crash  Test  1,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  HCB6,  VCBT,  HCB8,  VCB9,  HCBIO 


Numbers  VCBll,  HCB12,  VWB13 


Fig^^re  C-11.  Crash  Test  1,  100  Hz  Filtered  Data,  Transducer 
Numbers  PSl,  CPSl,  PLl,  CPLl,  CLDl 


Crash  Test  1,  100  Hz  Filtered  Data,  Transducer 
Numbers  CVDl,  PCDl  and  Radar  Velocity 
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Figure  C-13.  Crash  Test  2,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  HCA8,  VPAl,  VPA3,  HPAU,  VSA9 
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Figure  C-lU.  Crash  Test  2,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VCA8,  VCA7,  HPA2,  HCA6,  HSAIO 
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Crash  Test  2,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VFCl,  HFC2,  VFC3 
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Figure  C-l8.  Crash  Test  2,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  HCClU,  VCC15,  HCCI6 
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Figure  C-21.  Crash  Test  2,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VCBll,  HCB12,  VWB13 
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Figure  C— 2lj.  Crash  Test  2,  100  Hz  Filtered  Data,  Transducer 
Numbers  CVDl,  CPLl,  and  Radar  Velocity 
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Figiire  C-25.  Crash  Test  3,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VPAl,  HPA2,  LPA3,  VPAU,  HPA5 
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Figrire  C-33.  Crash  Test  3,  100  Hz  Filtered  Data,  Accelerometer 
Nmbers  LCBll,  VCB12,  HCB13 
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Figure  C-3*t.  Crash  Test  3,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VCBlU,  HCB15,  VCBl6,  HWBIT,  LWBl8 
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Figure  C-35.  Crash  Test  3,  100  Hz  Filtered  Data,  Accelerometer  Numbers  VVB19 
HWB20,  HCC17,  Transducer  Numbers  PSl,  CPSl 
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Figure  C-1+0.  Crash  Test  h,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  HFCi*,  VCC5,  HCC6,  VCC7,  HCC8 
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Figtire  C~hl.  Crash  Test  U,  100  Hz  Filtered  Data,  Accelerometer 
Numbers  VCC9,  HCCIO,  VCCll,  HCC12,  VCC13 
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APPENDIX  D 


SINGLE-ENGINE,  HIGH-WING  AIRPLANE  STRUCTURE 
AND  MATH  MODEL  DATA 

D.l  INTRODUCTION 

This  appendix  presents  data  applicable  to  the  single-engine,  high-wing 
airplane  tested  and  analyzed  during  Task  II.  The  data  consists  of: 

• Structure  that  is  representative  of  the  airplane 

• Math  model  information 

Section  D.2  describes  the  airplane  and  provides  typical  cross  sections. 
Section  D.3  provides  computer  printout  showing  the  data  that  is  input  into 
KRASH  for  the  analysis  of  the  crash  conditions. 

D.2  AIRPLANE  DESCRIPTION 

■The  single-engine,  high-wing  airplane  modeled  during  the  Task  II  effort 
has  the  following  general  description: 

• Category  I type  (Reference  1,  Table  U) 

• Single-engine,  high-wing  configuration 

• Side  by  side  seats  (four  occupants) 

• Used  for  training,  and  business  pruposes 

• Stall  speed  < 57  nph  (flaps  up) 

• Cruise  speed  <121  mph  (75!^  power) 

• Flight  design  load  factor  of;  +3.8  g's  and  -1.52  g's 

• Maximum  takeoff  weight  = 2300  pounds 

• Wing  span  = U3**  inches 
• • Length  - 323  inches 

Figure  D-1  shows  an  overall  view  of  the  airpleuie  and  Figure  i>-lb  shows  the 
mathematical  model  used  to  represent  the  structxire  for  crash  analysis. 
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Table  D-l  describes  the  airplane  structure  with  regard  to  material 
properties,  strength,  design,  concepts,  size  and  attachments.  Figures  D-2 
through  D-l 5 show  different  structures  eind  approximate  cross  sections  for 
the  respective  structure. 

D.3  MATH  MODEL  DATA 

Figures  D-l6  through  D-2U  provide  math  model  data.  The  data  is  taken 
from  the  crash  test  3 model  but  is  representative  of  all  four  crash  tests. 
Figures  D-l6  through  D-l8  show  the  mass,  node  point  and  external  spring  data. 
Figure  D-19  provides  the  material  properties.  Figures  D-20  through  D-23 
shows  the  beam  data  including  properties,  nonlinearities  eind  rupture  allowables. 
Figxire  D-2l*  shows  the  vehicle  model  weight,  eg  and  inertia  properties. 


(a)  OVERALL  VIEW 


X » MASSLFSS  NODE  POINT  ^ 

» INTERNAL  BEAM 

« RIGID  CONNECTION 


(b)  MATH  MODEL 


Figure  D-1.  Airplane  Overall  View  and  Math  Model 
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TABLE  D-l.  DESCRIPTION  OF  AIRPLANE  STRUCTURE 
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TABLE  D-1.  DESCRIPTION  OF  AIRPLANE  STRUCTURE  (Cont'd) 


TABLE  D-1.  DESCRIPTION  OF  AIRPLANE  STRUCTURE  (Cont'd 


AN6- 15A  BOLT 


BOTTOM 

ATTACHES  TO  AXLE.' 

Figure  D-3.  Main  Landing  Gear  Cantilever  Spring  Cross  Section 
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MEMBERS  6-9,  34-37 
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MEMBERS  7-10,  35-38 


SECTION  B-a  UPPER  ENGINE  MOUNT  STRINGER 


MEMBERS  9-10,  37-38, 10-38 


SECTION  C-C  FIREWALL 


Figure  D-5.  Fuselage  Front  «md  Center  Structure  Cross  Sections 
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Figure  D-6.  Fuselage  Upper  Cabin  and  Landing  Gear 
Bulkhead  Cross  Sections 
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MEMBER  4-5,  32-33  MEMBERS:  3-11 

3-39 
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SECTION  A-A.  SECTION  C-C. 

REAR  DOOR  POST  LOWER  AFT  TAILCONE 


MEMBER  5-12,  33-40 


UPPER  AFT  FUSELAGE 


Figure  D-11,  Rear  Door  Post  and  Upper  Aft  Fuselage  Cross  Sections 


MEMBERS  3-12.  340 


SKIN  CONTOUR 


(OUTBD) 


UPPER  TAILCONE  SECTION 


MEMBERS  3-11,  3-39 


(OUTBD) 


LOWER  TAILCONE  SECTION 
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t > a032 


MEMBER  3-12,  3-36,  3-40 
UPPER  AFT  TAILCONE  STRINGER 

SECTION  D-D  VIEWS 


Figure  D-12.  Tailcone  Contours  and  Stringer 
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MEMBERS  12-40 
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“asi 


F.s.  108  BULKHEAD 


F.S.  108  BULKHEAD 


Figure  D-13.  F.S.  108  Bulkhead  Cross-Sections 
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AFT  BOLT  AN7 


FUSELAGE  ATTACH 


WING  ATTACH 


(b)  WING  STRUT 

Figure  D-lU.  Wing  and  Wing  Strut  Structure 


MEMBERS  23-24,  18-24,  8-25. 23*26 


FRONT 

SPAR 


SECTION  A-A  (FIGURE  B-11) 
(A)  WING  CROSS  SECTION 


-4.720  (REF)- 
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RE/«n 
SPAR 


(TRAILING 
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SYMMETRY 


i— ILEi 


(LEADING  (2) 
EDGE  AREA)  (REF) 


MEMBERS  6-25 
16-2 


'B'  MIN 


.255 

.955 

.825 

1.565 

3.040 

1.470 

3.755 

1.070 

AREA 

t 

WEIGHT 

Sa  IN. 

X 

Y 

•xx 

'yy 

LBS.  PER  100  IN. 

.897 

2.27 

1.0 

.4645 

1.8686 

8.97 

(Bl  WING  STRUT  CROSS  SECTION 

Figure  D-15.  Wing  and  Wing  Strut  Sturcture  Cross  Sections 
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Figure  D-l6,  Math  Model  Mass  Data 
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Figure  D-19.  Math  Model  Material  Properties 
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Figure  D-20.  Con't  (Sheet  2 of  2) 
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Figure  D-21.  Math  Model  Unsymmetrical  Beam  Data 
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Figure  D-22.  Math  Model  Nonlinear  Bean  Data  (Sheet  1 of  3) 
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Figure  D-22.  Con't  (Sheet  2 of  3) 
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Figure  D-22.  Con’t  (Sheet  3 of  3) 
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Figure  D-23.  Math  Model  Nonstandard  Deflections  and  Forces 


Figure  D-2U.  Math  Model  Parameter 


